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Steelmakers are becoming more motivated to use iron ore resources with a wider range 
of grades and mineral types that were previously considered unsuitable or uneconomical 
for sintering. In this respect, specific issues which now require further investigation and 
understanding include the sintering of ores with a) overall higher gangue content, b) 
elements that cause problems in the steel manufacturing operations, and/or c) distinctive 
sintering performance compared with traditional hematite-rich iron ores. Laboratory-
based investigation of the sintering performance and the behaviour of gangue impurities 
during sintering is an important step towards the successful utilisation of these resources 
in steelmaking.  
To explore the feasibility of small-scale sintering pot testing, a ‘millipot’ facility 
(diameter of 53 mm and height of 400 mm) was established and used to examine the 
sintering performance of iron ores and other non-traditional ferrous materials. The 
sintering performance of a millipot was examined across a range of operational 
conditions (coke rate and suction pressure) and compared with an industrial sinter strand 
operation. Tablet tests were also performed to assist in the design of the millipot 
experiments and identify conditions for achieving mineral composition similar to the 
industrial sinter. For the millipot experiments, the materials used need to be compacted 
to increase the bulk density, and a higher coke rate is required to compensate the high 
heat loss caused by wall effects. A higher suction pressure is also necessary to maintain 
an oxidising atmosphere in the sinter bed. As expected, it was not possible to 
completely eliminate the wall effect, which results in more primary hematite at edges of 
the sintered column. Heavier compacting at the periphery of the column can minimise 
the wall effect. The sintered material from the centre of column simulates industrial 
sinter reasonably well. As such, millipot provides a practical technique to evaluate the 
sintering process and material performance at laboratory scale, helping to bridge the gap 
between tablet sintering and large scale pot sintering, or full scale plant trials. The 
results of millipot testing can be used for designing larger scale experiments or 
commercial sintering trials.  
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Three ores, Ores A, B and C from BlueScope Ltd, were chosen as representative 
materials for traditional hematite (mirco-platy hematite/martite), non-traditional 
hematite (stratiform structure of hematite/martite and goethite) and goethite (the channel 
iron deposits) ores. Compared with Ores A and B, the mineral phases in the goethite 
type Ore C were complex, including goethite, quartz, hydrohematite, quartz-dispersed 
hydrohematite, and quartz-dispersed goethite. 
The evolution of new mineral phases by the interaction between ore minerals and 
fluxing materials during heating various ore-flux pairs was investigated. The interaction 
between the mineral phases in those commercial iron ores and CaO, MgO, SiO2 and 
Al2O3 were studied under 0.5 kPa O2 pressure while heating to different temperatures.  
CaO was the most effective flux for liquid phase generation during sintering. For 
traditional hematite Ore A, the formation of initial liquid phase was observed at 
~1275 °C, and the liquid phase content increased dramatically with increasing 
temperature to 1300 °C. For the goethite-containing hematite Ore B, the formation of an 
initial liquid phase through interaction between goethite and CaO was observed when 
heating to 1225 °C, and all goethite transformed into liquid phase at 1250 °C.  The 
porous morphology of dehydrated goethite and finely distributed quartz bring about a 
high reactivity with CaO. The initial liquid phase penetrated into the pores within the 
hematite matrix, promoting the assimilation of the hematite phase. With increasing 
temperature to 1300 °C, all hematite in Ore B was melted. In comparison, the 
hematite/martite phase in Ore B was much easier to assimilate than that in Ore A due to 
the presence of goethite.  
Similar to Ore B, the goethite matrix, as the major mineral phase of Ore C, plays a key 
role in the interaction with CaO. At 1200 °C, no apparent liquid formation was observed. 
CaO diffused into the goethite matrix, and first reacted with SiO2 to form CaO∙(SiO2)x 
because of their strong affinity. CaO then combined with Fe2O3 and formed 
CaO∙(Fe2O3)x. When heated to 1225 °C, CaO∙(Fe2O3)x and CaO∙(Fe2O3)x∙(SiO2)y phases 
formed by solid state reaction started to melt. With increasing temperature, more liquid 
phase was generated. Whole ore particles were nearly melted, with only a few dense ore 
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residues observed in the samples heated to 1300 °C. Other mineral phases in the 
goethitic ore are less reactive due to their dense structure. 
MgO was a much less reactive fluxing material compared with CaO. MgO diffused into 
the mineral grains of hematite and dehydrated goethite by solid state diffusion and 
formed a solid solution (Fe, Mg)O∙Fe2O3 without the formation of a liquid phase when 
heated to 1300 °C. The product layer of MgO diffusion into hematite was limited to 
approx. 60 μm at 1300 °C. The porous morphology and a small amount of impurities in 
goethite facilitated MgO diffusion into goethite. However, the gaps and cracks caused 
by dehydration from goethite phase significantly restricted solid phase diffusion of 
MgO.  
There was no observable interaction between the fluxes Al2O3 and SiO2 and the ores 
when heating up to 1300 °C.  
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Chapter 1. General Introduction 
1.1 Introduction  
The blast furnace (BF) process is the principal means of producing pig iron or hot metal 
from ferrous burden. The characteristic properties of raw materials charged into the BF 
have changed significantly over the last few decades. Formerly, raw iron ore lumps 
were used, but over time, lump ore has been replaced by iron ore fines used in the 
production of pre-fluxed sinters and pellets. [1] Today, sinter accounts for 
approximately 80% of burden materials due to the properties of fluxed sinter such as 
high cold and hot physical strength and high reducibility. The physical strength 
properties are important as the level of internal or cold return fines in the sintering 
process can reach close to 30%, which, together with the external returns generated 
through the handling of the materials around the blast furnace and ancillary processes 
(10~13% [2]), leads to higher energy usage. Hence, improvement of sinter quality is 
still necessary for the industry to increase production efficiency. Further investigations 
of the sintering process, especially the bonding phase and the effects of mineral phases 
of impurities in the raw materials, help to understand the sintering mechanism and 
improve the sinter quality and productivity.  
With ever changing ore costs and specifications and environmental pressures, 
steelmakers are increasingly motivated to use iron ore resources with a wider range of 
grades and mineral types previously considered unsuitable or uneconomical for 
sintering, as well as other iron-bearing materials such as plant by-products. This means 
that specific new issues requiring further investigation and understanding continue to 
arise, including the sintering of ore types with a) overall higher gangue content, b) 
elements that cause problems in the steel manufacturing operations, and/or c) distinctive 
sintering performance compared with traditional hematite-rich iron ores. Laboratory-
based investigation of the sintering performance and the behavior of the gangue 
components during sintering is an important step towards the successful utilization of 
these resources in steelmaking. In terms of laboratory-based sintering investigations, 
there are two generally accepted experimental scales utilized prior to industrial-scale 
trials being undertaken, viz. bench-scale tablet (compact) testing and pilot-scale pot 
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testing. The former has the advantages of flexibility and more precise control of 
sintering conditions, but it is difficult to simulate the heterogeneity of a sinter bed. The 
latter, which is carried out in pots with diameters between 150~500 mm, simulates the 
commercial sintering process and conditions quite well but is time consuming and 
labor-intensive due to operational complexity. It is therefore desirable to develop and 
establish a smaller scale pot testing facility which avoids the disadvantages of the 
normal sintering pot but can provide comparable information. In this investigation, a 
millipot experimental facility and an experimental methodology has been developed and 
utilized to understand the relationship between tablet testing, sinter millipot and 
industrial sinter plant.  
As the steel industry has progressively moved towards use of cheaper iron ores, it is 
important to recognize that these ores have mineralogy that may be relatively simple but 
the textures are often complex, and this can negatively influence the performance of 
ironmaking processes, including the sinter plant and blast furnace. [3-5] For this reason, 
many ironmakers use cheaper ores (e.g. goethitic ores) as a proportion of their sinter 
blend and supplement these using higher quality ores such as hematite. Hematite ores 
may be classified into two main types: microplaty hematite and hematite-goethite [6]. In 
this investigation, two different hematite ores, Ores A and B, were studied.  Ore A is a 
premium, martite-microplaty hematite, while Ore B consists of a stratiform  distribution 
of martite and goethite [6, 7].  Whilst the characteristics of such hematite ores are 
understood, no information on the evolution of mineral phases from the interaction 
between the mineral phases of iron ores and fluxing materials during sintering has been 
reported in the literature. Goethitic ores are comprised of various characteristic phases 
[8-10] and no specific classification of these mineral phases has been found in the 
literature. Furthermore, no information on the sintering performance of each phase has 
been reported. Goethitic ore C was chosen for investigation in the project. All ores were 
provided by BlueScope Ltd.  
Normally, prior to a new blend being used on the sinter plant, bench- or pilot-scale 
sintering tests are undertaken. [11-13] For bench-scale experiments, ores and fluxes are 
ground into powder, mixed together according to an industrial recipe and pressed into 
tablets. These tablets are then placed into a furnace at fixed temperature and gas 
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atmosphere. [14-19] Whilst accurate control of temperature and gas atmosphere is 
achieved in these experiments, one disadvantage is that the effects of particle size and 
heterogeneity of the blend are neglected. For pilot-scale experiments, the industrial 
sintering process is simulated reasonably well. However, both bench- and pilot-scale 
experimentation focus on the properties of the final sinter product, and the interaction of 
ore mineral phases with fluxing materials is rarely considered. In this study, a novel 
experimental design was used wherein tablets comprised of cube-shaped samples of 
iron ores surrounded by a fluxing material were first heated to different temperatures, 
followed by a detailed examination of the reaction interfaces of different mineral phases 
in the ore and flux material. This investigation fills a knowledge gap on the interaction 
between the mineral phases of representative ores and fluxing materials (CaO, MgO, 
Al2O3, SiO2). A better understanding of the performance of ore mineral phases is 
developed, which is helpful for the overall improvement of sinter plant operation.   
Based on the aforementioned gaps, this thesis focuses on the following key aspects: 
 The corresponding sintering conditions to obtain similar morphology and 
mineral compositions of the sinter products at three sintering scales: tablet, 
millipot, and industrial sinter plant;  
 The characterization of the iron ores used in this thesis;  
 The interaction between the minerals in different ores and fluxes during 
sintering.  
In compliance with the University of Wollongong’s “Guidelines for Preparation and 
Submission of HDR Thesis”, the thesis is prepared in the form of compilation of a 
series of paper manuscripts. The structure of the thesis is organised as follows. Chapter 
1 provides a general introduction including a literature survey of several relevant topics 
and the gaps in knowledge identified in the literature, description of analytical 
equipment and methods employed in this study and an overview of following Chapters 
2-5. Chapter 2 describes details of the setup, commissioning and optimization of the 
millipot. Based on the work in Chapter 2, the properties of the sinter from the millipot 
were investigated at different coke rates and compared with an industrial sinter obtained 
from the same green feed in Chapter 3. Chapters 4 and 5 describes the characteristics 
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of two hematite ores and a goethitic ore (channel iron deposits) examined in the thesis, 
and the interaction between the mineral phases in iron ores and fluxing materials. 
Chapter 6 summarises the major conclusions and some recommendations for the 
further research work. Appendices 1 and 2 report on research outcomes relating to zinc 
removal from basic oxygen steelmaking (BOS) filter cake by sintering and the 
characterization of the mineral phases in iron ore sinter. This research was undertaken 
using the tablet and millipot facility.  
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1.2 Literature Review 
This section provides a review of the industrial steel making processes, sintering 
process, as well as the mineralogy and mechanisms of phase evolution during sintering. 
Previous researches investigating the factors affecting SFCA formation during sintering 
are summarized.  
1.2.1 Overview of Steel Making Processes 
Figure 1 shows an example of the iron and steel manufacturing process, including 
coking, agglomeration, blast furnace ironmaking, basic oxygen steel making, 
continuous casting and rolling. 
 
Figure 1. General flow diagram of steelmaking industry [20]. 
The ironmaking blast furnace remains the principal process for producing pig iron or 
hot metal from iron ore for hundreds of years [21]. There is no other process that can 
produce the tonnages of hot metal as efficiently and economically as the blast furnace 
[21-24]. The purpose of a blast furnace is to chemically reduce and physically convert 
iron oxides into pig iron. It is a counter-current gas/solids reactor where iron-bearing 
materials (raw ore, pellets or sinter), coke and fluxes are charged into the top, and 
preheated air is blown into the bottom, burning coke and supplementary fuels to provide 
the required heat and reducing gas. The hot metal and slag are tapped from the bottom 
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at regular intervals.  Aside from scheduled shutdowns of short duration (24-48 hours), a 
blast furnace campaign is usually of the order of 15-20 years [25-28].  
 
(a)                                                              (b) 
Figure 2. (a) The blast furnace overall operation diagram [29] and (b) the schematic 
diagram of iron ore reduction in blast furnace [30]. 
The properties of raw materials used in the blast furnace have changed in more recent 
times. Previously, raw iron ores, fluxes and coke were used – these are now 
supplemented by agglomerated materials and auxiliary fuels [21]. The fine, high-grade 
concentrates have to be agglomerated, most commonly as sinter or pellets, prior to use 
in the blast furnace. These agglomerates, in turn, significantly improve blast furnace 
performance and can lead to a shift in burdening practices [31, 32]. The latter permit 
optimization of gas distribution in the furnace [29, 33].  
1.2.2 Sinter Plant Operation and Sinter Properties 
1.2.2.1 Raw Materials of Sintering 
In a modern steel plant, the sintering process provides the means by which various iron-
bearing raw materials and waste streams are agglomerated and prepared for charging 
into the blast furnace [25, 34]. As well as iron, ores contain varying proportions of 
gangue materials or impurities, which generally comprise compounds of Si, Al, Ca, and 
Mg.  The quality of the ore fines used is usually dependent on the gangue content and 
composition but with increasingly limited reserves of high quality iron ores, lower 
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quality, lower cost materials are used [21].  Hence, whereas the preferred iron ore type 
used in sintering was hematite, in recent years, cheaper ores such as goethite and 
siderite [21, 25] are increasingly used.  By-product streams, including ferrous-based 
material streams are also being recycled through the sintering process.  
1.2.2.2 Sintering process  
The sintering process transforms fine-sized iron ore, coke breeze, fluxes and recycling 
materials into an agglomerated sinter of suitable size and quality for the blast furnace. 
The process of sintering begins with granulation of these materials in a mixing drum, 
where the particle motion of the mixture and moisture content are controlled, to achieve 
a much coarser size distribution. The main target for the granulation operation is to lay 
fine particles (often -0.25mm in size) onto coarser particles (often +2mm in size), 
producing “green" granules. The granulation process also helps fine ore, coke and 
fluxes distribute evenly, as required for the agglomerated products. The green granules 
are then loaded on the hearth layer of the sinter strand, forming a bed of granular 
materials. The surface of the bed is ignited, initiating the combustion of coke breeze 
(and other carbonaceous materials) under suction pressure. As the flame front passes 
through the bed, a melting phase is formed to adhere the fine materials. The downdraft 
suction applied to the sintering bed helps preheat the air as it passes through the flame 
front. The flame front moves downward until it reaches the bottom of the sintering bed 
(the burn-through point) [35]. 
Figure 3 shows the results from a numerical model [39], allowing further illustration of 
the above phenomena. Initially, the surface of the sinter bed is ignited by a flame 
(~1100 °C) and under suction, the flame front moves downwards and widens with 
distance down the strand. The suction air is preheated by hot sinter overlying the 
combustion and melting zone, and the sensible heat generated from coke breeze 
combustion is transferred to the lower bed. The temperature of combustion zone 
increases to levels sufficient for iron ore sintering, 1288 – 1426 °C [21]. Outside the 
flame front (above and down the strand length), the bed begins to cool. Hence, it can be 
seen that during the sintering process, the granular bed of raw materials undergoes 




Figure 3. Numerical model results illustrating some key sintering phenomena [36]. 
Figure 4 illustrates the four commonly observed zones across a vertical section of the 
sinter strand, namely: cooling zone, combustion and fusion zone, dry and preheating 
zone and wet zone [41]. 
 
Figure 4. Schematic of vertical zones in sinter strand [37]. 
a. Cooling zone 
Cooling zone represents the product of the process. A temperature gradient exists which 
ranges from near ambient at the bed surface to the temperature near the fusion zone and 
combustion zone. The physical feature of the zone is established upon the solidification 
of the melting phase. However, physical and chemical changes occur just after cooling 
and solidification, such as grain growth of crystals of iron oxides and the oxidation of 
magnetite to hematite.  
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b. Combustion and fusion zone 
Combustion of coke breeze provides the heat required for the fusion of ore particles and 
slag formation. Temperatures of 1288°C to 1427°C are commonly attained, and fluxes 
and iron-bearing materials react and form a semi-molten slag phase [21]. Reduction of 
hematite by CO to magnetite initially, and then to wustite or metallic iron starts in the 
calcination zone. Physically, some of the larger sinter products are cracked through 
thermal stress and some micropellets, formed in mixing the components of the bed, 
undergo thermal spalling.  
c. Drying and preheating zone 
Within this zone, free moisture in the charge is volatilized. The hydrated iron oxides 
undergo some thermal dissociation, some sulfur is volatilized from certain sulfides, and 
there may be some thermally-induced cracking of weak micropellets. 
d. Wet zone 
This portion of the bed has similar characteristics to the original mix due to the 
condensed free moisture from upper zone. All the sensible heat from the upper part of 
the zone has been transferred into the lower part. Excess condensation of moisture can 
fill the pore space with water, causing the collapse of the micropellets and significantly 
decreasing the bed permeability. The temperature at the top of the zone, where the 
overlying dry and preheat zones merge, is near the dew point. 
 
Figure 5. Internal and external return fines in industrial plant. 
10 
 
Further investigation of the sintering process helps to better understand the sintering 
mechanism and improve the sinter quality and productivity.  
1.2.2.3 Sinter composition and properties 
1.2.2.3.1 Sinter types 
Sinters are classified into two types [1]: non-fluxed or acid and fluxed sinters. Those 
sinters where flux has been added or is present in the ore are further categorized into 
two sub-classes according to basicity (CaO/SiO2):  
(a) Self-fluxing sinter  
In order to consider coke and coal injection mineral matter composition, 
sufficient flux is added in sinter blend to supply a desirable basicity in the final 
slag.  
(b) Super-fluxed sinter 
Additional flux is added to the blend to provide the desirable final slag basicity, 
taking all acids content into consideration, both the silica in ore and the coke ash. 
Sinters of low basicity (<0.5) are generally characterized by grains of primary and 
secondary hematite, and magnetite bonded by a slag phase. The slag is primarily a 
silicate glass (combinations of FeO, CaO, Al2O3 and SiO2), but will contain fayalite 
(2FeO∙SiO2), wollastonite (CaO∙SiO2), iron monticellite (CaO∙FeO∙SiO2) and anorthite 
(CaO∙Al2O3∙2SiO2) [1]. The formation of fayalite is promoted by high coke rate. This 
phase is considered to adversely affect sinter reducibility. The proportion of hematite is 
decreased and the formation of wustite is favored by higher coke rate.  
As the basicity is increased from 0.5 to 1.0, the amount of fayalite is decreased, and 
rankinite (3CaO∙2SiO2) is more likely to be encountered, localized about the pores of 
the sinter and scattered throughout, often growing as a fringe around magnetite. Grains 
of magnetite (medium grey) are embedded in a matrix of calcium iron silicate slag. The 
magnetite particles adjacent to the large pore opening (black) contain white strips of 
secondary hematite, formed through reoxidation by the passage of air through the pore 
during cooling. A large area of the slag matrix contains minute crystallites of magnetite 
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in a dendritic orientation, formed by precipitation from solution during cooling of the 
liquid slag phase. Dendritic structures are found in sinters of all basicity levels.  
As the sinter basicity is increased beyond 1.0, devitrification becomes an important 
attribute of the glass. As the basicity is further raised to 1.8, the amount of silicate glass 
decreases, with increasing amounts of decalcium silicate and calcium ferrites appearing. 
Above 1.8 basicity, the amount of calcium ferrites in the bond is increased, and the 
proportion of dicalcium silicate is decreased due to dilution. The main minerals in 
sinters of different basicity are hematite, magnetite, monocalcium ferrite, and iron-
calcium olivines of composition CaxFe2-xSiO4 with the value of x increasing from 0.25 
to 1.75 with the increase in basicity [21].  
For the poor performance of acid and self-fluxing sinter in the BF blast furnace, they 
had been rejected by the ironmaking process. And the super-fluxed sinter had been 
developed into the mainstream of the sinter. 
1.2.2.3.2 Microstructure of fluxed sinter 
Sinter quality is mainly governed by the structure of the agglomerate. Characterization 
of the microstructure cannot be provided by simple overall chemistry, not even when a 
distinction is made between the different phases. Each phase can have a wide variation 
in chemical composition, due to its origin and/or solid solutions between elements of 
formed phases. Finally, each phase may appear in different morphologies. The 
microstructure of fluxed sinter requires a characterization in terms of chemical 
composition, mineralogy, morphology and spatial arrangement of the various phases [38, 
39]. 
Interestingly, some studies have shown that increasing the solid fuel consumption was 
not a viable solution to improve sinter cold and hot strength simultaneously [40-43], but 
the mineralogical and morphological compositions of sinter do affect its qualities: a 
higher amount of calcium ferrites of fluxed sinter can improve the reduction-
degradation index and reducibility of sinter. The reducibility was shown to be well 
correlated with the ratio of micro-pores to total pores in sinter. Silico-ferrite of Calcium 
and Aluminum (SFCA) formed during the sintering process in high basicity is the key 
12 
 
point to improve the sinter quality.  
Sinter is an aggregate of bonding phases, relict particles (unmelted particles) and pores. 
The bonding phases originate from the melt upon crystallization, the unmelted particles 
are mainly residual large ore particles, and sometimes unreacted, residual flux material. 
There is a wide variation in porosity, from open to close and from macroscopic to 
microscopic. 
a The bonding phases 
The bonding phases predominate within fluxed sinters and are thus strongly related to 
the sinter properties. The phases are formed during the actual sintering process at 
temperatures above 1100°C and contain a large variety of minerals, mainly complex 
calcium ferrites in association with iron oxides and a limited amount of silicates. 
 Complex calcium ferrites 
According to the literature [44], calcium ferrites can constitute up to 50% v/v of the 
mineral composition of fluxed sinter, and analysis of calcium ferrites from production 
sinter reveals the presence of small amounts of Al2O3 and SiO2.  Hence, calcium ferrites 
containing Al2O3 and SiO2 are also known as silico-ferrites of calcium and aluminum 
(SFCA). This phase may vary considerably in chemical composition and morphology 
[44-53] but in general, it is an important phase and contributes to good mechanical 
strength of sinters. The common types are columnar (SFCA) and acicular (SFCA-I) 
which are shown in Figure 6.  
 Iron oxides 
The second group of major constituents in the bonding phases is the iron oxides. 
Hematite precipitated from a melt is referred to as secondary hematite [54], (an example 
is shown in Figure 6). It is monocrystalline and has a polygonal skeletal structure, as 
opposed to the primary hematite originating from ore, which is often polycrystalline 
with granular structure and internal pores. Oxidized magnetite is classified as tertiary 
hematite. Secondary magnetite occurs as a result of hematite reduction and is 
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crystallized from a melt as well. Magnesio-spinels are optically indistinguishable from 
magnetite, and are often included in this category.  
 
Figure 6. Mineral phases in a sinter sample from BlueScope sinter plant (optical 
microscope image). 
Hematite is present in sinter as either primary hematite or secondary hematite[37]. The 
primary hematite, called relict hematite, exists due to the incomplete assimilation of the 
original hematite in iron ore with other components in sinter mix and can be recognized 
by its irregular shape and corroded grain boundaries. The secondary hematite is usually 
formed from direct precipitation or the oxidation of a magnetite precipitation. It could 
be observed by its euhedral crystal shape and is often located around the edges of pores 
in sinter [45].  
Magnetite exists in sinter as two generic types: unassimilated and assimilated. The 
former depends on the nature of the original ore. The hematite in original ore can be 
easily reduced to magnetite due to the low oxygen partial pressure during the heating 
stage of sintering. Magnetite reduced from hematite can be retained in the final sinter 
without assimilation if the volume of liquid phase formed is limited. Magnetite can also 
be crystallized from the melt, which depends on the Fe
2+ 
content in the melt. A 
relatively reducing atmosphere during sintering can also increase the Fe
2+ 
content of the 




Sintering temperature and gas atmosphere are key factors in the conversion of hematite 
to magnetite. Hematite decomposes to magnetite at about 1390°C in air but the 
temperature decreases by about 200°C when the oxygen partial pressure (pO2) is 
reduced to 0.2 kPa. Therefore, increasing sintering temperature and reducing the pO2 by 
increasing coke addition favor the formation of magnetite in sinter.  
Under the optical microscope, hematite, magnetite and SFCA (including SFCA-I) are 
present as different color and shape. Figure 6 shows the microstructure of a sinter, 
where the hematite and magnetite can be clearly observed, both as different colour and 
shapes. 
 Silicates 
At decreasing sinter basicity, or at higher sintering temperatures, more silicates, often 
referred to as slag phases, precipitate from the melt, and are present as extremely small 
capillary fillings between the other micro-constituents [45]. The most common 
crystalline silicate in fluxed sinter is larnite (β-C2S), in which a varying but often 
substantial amount of calcium is substituted by iron. At low basicity, wollastonite (CS) 
precipitates. Remaining silicate melt with a high viscosity may produce glass phase. The 
silicates can contain up to 40 wt% of iron oxide as a substitute for calcium oxide, and 




and different alkalis. 
b Relict particles 
Apart from the bonding phase, relict particles are present as well. Most relict particles 
are large iron ore particles, and sometimes flux, particularly olivine. These particles 
often show a reaction halo with the surrounding melt. Due to the size of the particles, 
the sintering temperature, or the chemical composition of the melt, complete reaction 
has not occurred. With fluxed sinter, such incomplete reaction is usually undesirable. In 
the case of olivine, the Mg
2+
 tends to increase the solidification temperature of the melt 
and consequently prevents complete dissolution of this flux. Often, the melt is saturated 
with iron and any excess iron ore remains relict and is identified as primary hematite or 
magnetite. The ore is bonded by the melting phase and gives the sinter a high 
macroscopic and microscopic porosity, and thus promotes its reducibility. 
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Aside from the reaction boundary, structural changes in the relict particles can be 
observed, such as recrystallization, pores distribution, dehydration (goethite) and 
oxidation (magnetite) due to the prevailing temperatures and gas conditions. These 
changes obviously contribute to the final reduction properties, when compared with the 
original particles. 
c pores 
Porosity has a strong effect on the reducibility and strength of a sinter. During the 
sintering process, most of the porosity originated from the pores and combined water in 
sinter blend. Sintering temperature and time also have a strong influence on the porosity 
of sinter product. With increasing time or/and temperature, porosity decreases 
significantly [55]. There are lots of pores in Figure 6. Normally, they present circular 
shape and are easy to identify. 
1.2.2.3.3 Sinter properties  
In practice, sinter quality is evaluated using various indices, most of which are relevant 
to blast furnace ironmaking: mineralogy, reduction disintegration index (RDI), 
reducibility index (RI), abrasion index (AI) and tumbler index (TI) [56, 57].  For 
example, RI depends on the ease with which the reducing gases can penetrate the sinter. 
It depends on the surface structure and porosity, the assemblages and the intrinsic 
reducibility of the minerals, and the additional surface area formed in reduction as the 
final result of the inherent volumetric changes. Also, in the upper level of the blast 
furnace shaft, the permeability of the charges may be affected by the low temperature 
degradation of sinter upon reduction. RDI is often used as a quantitative measure of this 
degradation. Sinter with a high RDI usually generates a significant percentage of fines 
in the blast furnace shaft, affecting gas flow distribution [61-67]. 
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1.2.3  Mechanisms of SFCA Formation and Factors Affecting the Characteristics 
of Sinter 
1.2.3.1 Mechanisms of SFCA Formation 
1.2.3.1.1 CF2 
Although various researchers have investigated the formation of SFCA, there is no 
agreement on the mechanism of SFCA formation. From the reported chemical 
composition of SFCA, it would appear that SFCA and SFCA-I are formed around the 
zone of CF2 in phase diagram (Figure 7). 
Referred to by Scarlett, SFCA generated a limited series of solid-solution within the 
research of Hamilton and Bruke (Figure 7 (a)) [58]. In SFCA group, the possibility of 
forming intergrowth structures was indicated by Mumme et al [59]. Within the Fe2O3-
Al2O3-CaO-SiO2 quaternary system, the predicted regions of stability for SFCA and 
SFCA-I are shown [59]. In those regions, SFCA and SFCA-1 are formed around CF2. 
 
(a)                                         (b) 
Figure 7. Schematic diagrams showing (a) SFCA compositional region in related phase 




Figure 8. Part of the Fe2O3/Al2O3–CaO–FeO system showing the location of CF2, -CFF 
and SFCA-I, wt% [60].  
Figure 8 shows part of the Fe2O3/Al2O3–CaO–FeO ternary phase diagram, with SFCA-I 
located around CF2 [60]. -CFF here implies the presence of Fe
2+
 in the system even 
under these oxidizing conditions. 
Webster et al. [71] found that SFCA in industrial sinter was comprised of 60-76 wt% 
Fe2O3, 3-10 wt% SiO2, 13-16 wt% CaO, 0.7-1.5% MgO, 4-10 wt% Al2O3, while SFCA-
1 contained 84.4 wt% Fe2O3, 12.8 wt% CaO, 0.9 wt% SiO2, 2.2 wt% Al2O3, which is 
equivalent to a chemical composition of (Fe2O3)5.3 (SiO2)0.16(CaO)2.3(Al2O3)0.22. The 
ratio of Fe2O3 to CaO is approx. 2.  
 
1.2.3.1.2 Mechanisms of SFCA Formation 
Many researchers have investigated the formation mechanism of SFCA, and some 




Figure 9. Schematic of SFCA and SFCA-I formation during sintering process [58]. 
According to Nicola et al., the formation of SFCA and SFCA-I is dominated by solid-
state reactions mainly in the system CaO-Fe2O3 [58]. Initially, at low sintering 
temperatures (750 °C - 780 °C), hematite reacts with CaO to form C2F. CF then forms 
from the reaction between C2F and hematite. With increasing content of alumina in the 
sample, decomposition temperature of C2F to produce a higher-Fe2O3 CF increases 
proportionately. This indicates that the amorphous alumina is highly reactive and enters 
sinter. Compared with alumina, quartz does not react with CaO and hematite and 
essentially remains inert until SFCA and SFCA-I start forming at approx. 1050 °C. The 
alumina content plays a significant role during the formation of SFCA and SFCA-I in 
high-Al2O3 systems at lower temperatures. Higher alumina content enhances the rate of 
SFCA formation. However, if the sintering temperature exceeds approx.1220-1240 °C, 
SFCA-I breaks down, leaving SFCA and hematite. According to this proposed 
mechanism of SFCA formation, the reaction sequence is summarized schematically in 





Figure 10. The formation model of mineralogy during sintering process and schematic 
diagram of sintering process [61]. 
Sasaki and Hida investigated the properties of sinter from the point of sintering 
reactions and proposed a mechanism of SFCA formation involving several steps as 
shown in Figure 10 [61]: (1) The surface of hematite  reduces to magnetite with 
combustion of coke during 700-800°C. Meanwhile, limestone undergoes chemical 
decomposition to CaO which reacts with Fe2O3 in the solid state, forming CaO∙Fe2O3. 
(2) Liquid phase with low melting point, like CaO-Fe2O3 (1205°C), FeO-SiO2 (1180°C), 
CaO-Fe2O3-SiO2 (1192°C), appears at about 1200°C. Complex calcium ferrites form 
with Al2O3, MgO and other minerals melting into the liquid phase. (3) Acicular SFCA-I 
forms when the temperature is below 1300°C and columnar SFCA forms when the 
temperature of sintering is above 1300°C. 
 
Figure 11. Schematic of SFCA formation according to Li and Whiteman [62]. 
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Li and Whiteman [62] proposed the following mechanism (Figure 11): (a) During the 
heating stage, the acicular SFCA can be generated from the reaction of hematite or 
magnetite with the flux below a temperature of 1180°C. (b) When calcium ferrite forms, 
it is stable at the high oxygen potential atmosphere and low temperature. If the 
environment changes to a low oxygen potential and high temperature, calcium ferrite 
transforms to magnetite and a silicate melt. If calcium ferrite is in a high oxygen 
potential atmosphere (air) and at temperature about 1255°C, it will transform to 
hematite and a silicate melt. (c) During the cooling stage, in a medium oxygen potential 
(about 1 x l0
-2
 atm), magnetite tends to react with the silicate melt and oxygen to form 
calcium ferrite. If magnetite meets the high oxygen potential, it is oxidized to hematite 
(reoxidized hematite). If the environment is low in oxygen potential, magnetite is 
preserved. However, the hematite phase formed in the heating stage (at high oxygen 
potential) does not tend to react with silicate melt to generate calcium ferrite during the 
cooling stage in air.  
Hide et al. have studied the formation mechanism of acicular calcium ferrite in-situ with 
a SEM, according to their observations, at first lime reacted with hematite [63]. The 
formed monocalcium ferrite featured a primary melt above 1205°C, and acicular ferrite 
resulted as a solid solution from the interactive reaction between the calcium-rich ferrite 
melt, the solid hematite coated by this melt, and small amounts of SiO2 and Al2O3. The 
research also revealed that at increasing temperature (>1250°C), the calcium ferrite 
transforms to hematite at high pO2, or magnetite at low pO2, both in a calcium silicate 
melt. The pO2 is governed by the combustion of the breeze. Subsequently, in an 
oxidizing cooling stage, magnetite reacts with the calcium silicate melt and oxygen to 
produce a large amount of calcium ferrite and tertiary hematite. However, hematite 
itself showed no evidence of reaction with the silicate melt. In general, the formation of 
calcium ferrite is possible only if the initial iron oxide is hematite, or the pO2 during the 
heating or cooling stage is high. 
Viscosity is another property which is suggested to have an influence on the 
crystallization of SFCA [39]. During the cooling stage, a highly viscous melt 
encourages the formation of SFCA, because solidification rates are low. The high 
viscosity is promoted by low temperatures and a silicate based melt with network-
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 are network modifiers, octahedrally coordinated, leading to 
lowering of the melt viscosity. This opinion is in contradiction with the observation that 
ferrite melt are rather fluid, and an increase in Si
4+
 is detrimental to SFCA. 
1.2.3.1.3 Questions on the Formation of SFCA 
In Guo’s investigation, the C2F layer appeared at 600s after the start of reaction [64]. 
The CF and CF2 layers were formed in the first 600s, which is different with the results 
of Scarlett [58] in which CF2 was initially generated. 
A two-layer coupling method was used by Guo, with the reaction process summarized 
as follows. (1) The reaction between CaO and Fe2O3 starts to form CaO∙Fe2O3 at the 
CaO/Fe2O3 interface. Three kinds of calcium ferrites，2CaO∙Fe2O3, CaO∙Fe2O3, and 
CaO∙2Fe2O3 grow in that order from CaO layer toward Fe2O3 layer after a short initial 




 in each layer controls the formation rates of 
2CaO∙Fe2O3, CaO∙Fe2O3, and CaO∙2Fe2O3. (3) C2F forms at the interfaces of CaO/C2F 
and C2F/CF, but the formation rate at the CaO/C2F interface is faster than that at the 
C2F/CF interface. CF forms at the CF/CF2 interface, and grows toward CF2 phase 
except for the beginning of the reaction. CF2 forms at the CF2/Fe2O3 interface, and 
grows toward Fe2O3 phase. The thickness of each layer of calcium ferrites increases 




Figure 12. Concentration profiles measured with the EPMA in CaO/Fe2O3 diffusion-
couple in the air atmosphere. (c) Heated for 10 min at 1190°C, (d) heated for 60 min at 
1190°C. [64] 
In summary, most of the previous research showed that the necessary conditions for the 
formation of SFCA are a high oxidization atmosphere and low temperature (below 
~1300°C). However, the experimental conditions were the most important factors 
affecting the formation. Comparing the experimental conditions of Guo [64] and 
Scarlett [58], the sintering time is the major difference in the sintering process. In 
Scarlett’s experiments, the rate of heating was set at 5°C/min in order to get the stable 
mineral phases during sintering, but in the sinter plant process, it is much higher at 
approx. 1000°C/min according to the measurement in sintering process. While the 
experimental conditions of Guo were much closer to the real sintering process, since the 
samples in the sintering process were put into furnace at temperature of 1190°C and a 
holding time of 10 min. Hence, the results of Guo should be closer to actual plant results. 
Sanboggi et al. studied the metallurgical properties of three calcium ferrites in the CaO-
Fe2O3 binary system [65] (Figure 13). The results are shown in Figure 14 (a), indicating 
the order of decreasing reducibility, being hematite, CF2, CF and C2F. The reducibility 
of all calcium ferrites are lower compared with hematite. Figure 14 (b) shows the 
reducibility order as: CaO∙FeO∙7Fe2O3 > 4CaO∙FeO∙4Fe2O3 > CaO∙3FeO∙Fe2O3 > 
CaO∙FeO∙Fe2O3. So, whether the initial calcium ferrite is C2F, CF2 or CF is important 
for the sintering process. Asada et al. [66] also tested the reducibility of calcium ferrites 




Figure 13. CaO-Fe2O3 binary phase diagram [65]. 
 
(a)                                             (b) 
Figure 14. (a) Reduction with H2 100 cc/min for three calcium ferrites, (b) Reduction 
with H2 100 cc/min for ternary calcium ferrites at 700°C [66]. 
1.2.3.2 Effect of Temperature on Sinter Minerals Formation 
Temperature is one of the most important factors affecting the evolution of mineral 
phases, especially the formation of SFCA. The volumetric percentage of SFCA (total) in 
specimens with basicity of 2.0 sintered at different temperatures and under different gas 
atmospheres is shown in Figure 15 [37]. In general, at the same sintering temperature, 
higher pO2 increased SFCA formation in samples. With increasing sintering 
temperature from 1250°C to 1300°C, the amount of SFCA formation increased at higher 
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pO2 (21% and 5% O2) atmospheres. However, temperatures higher than 1300°C did not 
promote SFCA formation, and the amount of SFCA decreased. In comparison, the total 
SFCA content reached a maximum at 1275ºC before decreasing at higher temperatures 
in less oxidizing or reducing conditions (0.5% O2 or 1% CO). Toda et al. reported the 
same conclusion as Wang et al. [37], stating that an effective means of improving the 
sinter reducibility is to retain porous ore unmelted by lowering the sintering temperature 
at about 1250 to 1300 °C and by increasing the heating rate in the high-temperature 
zone [67]. 
 
Figure 15. Influence of temperature on SFCA content generated in samples with 





Figure 16. Relationship between generation of calcium ferrites and sintering 
temperature by Guo [64]. 
Guo [64] and Noboru [68] both carried out research on the relationship between the 
generation of calcium ferrites and sintering temperature, shown in Figure 16. The results 
showed that calcium ferrites increased because of the higher diffusion velocity of CaO 
and Fe2O3 with the increase in temperature under 1210°C. However, at higher 
temperatures, CaO∙2Fe2O3 decomposes and the existence of SiO2 also weakens the 
stability of calcium ferrites, thus the quantity of calcium ferrites decreased. The 
conclusion of these investigations is that temperature control between 1180°C and 
1220°C was the crucial factor during the self-flux sintering process in which calcium 
ferrite is the dominant phase.  
Guo and Ono investigated the kinetics of calcium ferrite formation from CaO and Fe2O3 
in solid state at 1140°C and 1190°C [69]. The results showed that the reaction products 
between CaO and Fe2O3 were 2CaO∙Fe2O3 and CaO∙Fe2O3 at 1140°C and 2CaO∙Fe2O3, 
CaO∙Fe2O3 and CaO∙2Fe2O3 at 1190°C. 2CaO∙Fe2O3, CaO∙Fe2O3 and CaO∙2Fe2O3 
layers were formed in that order, from CaO layer towards the Fe2O3 layer. From Figure 
17, the conclusion could be drawn that with the temperature increase, C2F, CF and CF2 
layers became thicker. Also, under the same temperature, the thicknesses of layers 




Figure 17. Time dependence of mean thickness of calcium ferrite layers formed in the 
CaO/Fe2O3 diffusion-couple [69]. 
 
Figure 18. The relationship between calcium ferrite quantity and sintering temperature 
and time [69]. 
Guo and Du also investigated the kinetics of calcium ferrite formation in CaO-Fe2O3 
[70]. The relationships between calcium ferrite formation, sintering temperature and 
sintering time under different partition of sintered tablet and temperature of 1000 and 
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1100°C are shown in Figure 18. It can be concluded that the quantity of calcium ferrite 
increased as sintering temperature and holding time increased. However, the generation 
rates of calcium ferrite were different, being faster for a CaO:Fe2O3 mixing ratio of 1:1 
compared to 1:2. 
Cooling speed 
The research on SFCA formation during the process of cooling is rarely reported. The 
crystal growth of SFCA was observed under scanning electron microscopy (SEM) and 
optical microscope (OM) by Zuo [71]. The results showed that air quenching performed 
better than water quenching on the crystallization of calcium ferrite. A large amount of 
secondary hematite phase formed in samples quenched in air. In this case, higher SFCA 
determined the high strength of the sinter. While significant glass phase formed during 
water quenching (more rapid cooling rate), it resulted in lower strength of the samples. 
Figure 20 shows the X-ray diffraction analysis of the samples from different cooling 
systems, which also supports the contention that glass phase decreases sinter strength.  
 
Figure 19. X-ray diffraction analyses of different cooling systems (1-SFCA; 2-Hematite; 




Figure 20. Effect of cooling procedure on the phase composition of samples sintered in 
different atmospheres. All samples are with CaO/SiO2 ratio = 2.0 and sintered at 
1300°C for 4 min [72]. 
Figure 20 shows the results of Wang et al. [72] examining the effect of oxidation on the 
sinter phase assemblage by comparing the final phase assemblage between samples that 
were rapidly quenched, and those that were subject to a slower cooling profile. The 
results showed that, there was no significant difference between rapid and slow cooling 
for specimens sintered in air. In comparison, a significant difference appeared when the 
sample cooled at different rates under more reducing gas atmospheres. The magnetite 
content increased dramatically with decreasing oxygen potential for rapidly cooled 
samples; while for the samples under 0.5% and 5% O2, the magnetite content was 
almost negligible during slow cooling. Correspondingly, both SFCA and hematite 
content increased during slow quenching in air. For example, in the sample sintered in a 
gas mixture containing 0.5% O2, up to 61.3% of magnetite was obtained by rapid 
cooling, whereas the amount decreased to only 2.9% following the slow cooling 
procedure. At the same time, the content of SFCA increased from 31.8 to 64.0%, and 
hematite from 6.9 to 33.0%. Therefore, the sintering temperature, the quenching process 
and quenching atmosphere are important factors in achieving a final sinter product.   
1.2.3.3 Effect of P𝒐𝟐 on Sinter Minerals Formation 
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The partial pressure of oxygen is one of the most important factors in sintering. During 
the sintering process, with the combustion of coke breeze, micro-reduction zones will be 
generated around the coke particle. Hence, sintering under different partial pressures of 
oxygen needs to be investigated. 
The study by Wang et al. [72] (Figure 21) reveals that the SFCA (total) and hematite 
contents both increased with increasing oxygen potential in the system, while the 
magnetite content decreased sharply. For example, SFCA was rarely detected in the 
sample with basicity at 1.5 sintered in a gas mixture containing 1 vol% CO-24 vol% 
CO2 at 1300°C, while the content of SFCA increased to >50% when the same mixture 
was sintered in air. 
In Yang’s experimental work, cooling is undertaken in air after heating in a weakly 
oxidizing atmosphere compared to the cooling stage, due to coke combustion in high 
temperature zone [73]. The mineral composition of the sinters with basicity of 1.8 is 
given in Figure 22. The introduction of air or 10% O2 air mixture during cooling made 
significant changes in mineralogy compared to that in N2. A significant amount of 
magnetite was oxidized to hematite. Very high levels of platy and columnar SFCA were 
formed. Some acicular SFCA was also observed. SFCA formed even under flowing N2, 
and this is attributed to hematite ore being present, which reacted to form SFCA before 
its decomposition. 
 
Figure 21. The phase composition of specimens sintered in different gas atmospheres 




Figure 22. Blend 60% ore A-40% ore E heated in N2 and cooled in O2-bearing gases at 
Tmax=1300°C. (C2S: dicalcium silicate) [73]. 
1.2.3.4 Effect of Chemical Composition on Sinter Minerals Formation 
Iron ore fines consist mainly of various iron oxides including hydrated oxides and 
oxyhydroxide, different amounts of gangue minerals, and a varying amount of loss on 
ignition (LOI) components. Depending on their distribution within the ore and/or green 
bed, certain gangue phases such as Al2O3 and SiO2 in the coarse nucleus particles affect 
nucleus stability, although they may remain segregated from the matrix. The same 
phases in the ultrafines fraction readily enter the initial sinter melt, formed mainly from 
fine Fe2O3 and CaO particles, and affect the properties of the primary sinter melt and the 
final sinter structure formed [74]. This inevitably changes the composition and 
properties of the primary sinter melt, and have important implications for the sinter 
structure and quality. Those elements affect not only the properties and formation of 
primary sinter melt but also the nucleus stability, which also has important implications 
for sinter structure and quality. It is common for sinter plants to have fixed sinter 
chemistry targets for blast furnaces, in particular SiO2, basicity and MgO [75]. In 
addition, the other chemical components, like FeO, TiO2 and so on, also have striking 
influences on the formation of SFCA and the properties of sinter. To achieve the same 
sinter chemistry targets, iron ore blends with lower SiO2 and MgO contents require 
increased flux addition. So, under fixed sintering conditions, the granulation efficiency, 
nucleus stability and primary sinter melt volume and properties of the iron ore all have 
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important bearing on sinter quality. The properties of melts formed in the flame front 
during iron ore sintering determine the structure of the ensuing sinter bonding phases. 
The tumble strength of sinter particles and yield from a sinter strand are largely 
determined by the inherent strength and structure of the bonding phases present [76]. 
The effects of the chemical, physical and mineralogical characteristics of the iron ore on 
these key factors and therefore on the quality of the resulting sinter and on bonding 
phase micro-structure will be reviewed as follows. 
1.2.3.4.1 CaO 
CaO is the most significant flux component, with its assimilation ability defined in 
terms of the reaction between CaO and iron ores. SFCA, the main mineral composition 
of high-basicity sinter, is generated from the physical chemistry reaction between CaO 
and Fe2O3. Meanwhile, the liquid phases with low melting point are generated from the 
solid phase reaction between CaO and iron ores. A low assimilation ability of the iron 
ore will affect the sinter in two ways. First, it will be difficult to form low-melting point 
liquid phases, which is related to conglutination – as such, sinter strength decreases. 
Second, low assimilation ability will decrease sinter reducibility. However, order to 
increase the amount of nucleating ores involved in the consolidation during sintering 
and improve the permeability of the sintering bed, the assimilation ability of iron ores 
cannot be too high, as this may cause over-melting and negatively affect the sinter yield 
and quality. Therefore, iron ores with an appropriate level of assimilation ability are 
required [77]. The lowest assimilative temperature, LAT, at which CaO and iron ores 




Figure 23. Phase composition of samples with varying basicity. (a) Sintered at 1275°C 
under 0.5% O2; (b) Sintered at 1300°under 5% O2 [37]. 
Figure 23 presents hematite, magnetite and total SFCA proportion in samples of 
different basicity, sintered at marked conditions followed by fast quenching [37]. The 
proportion of the three phases showed similar tendency with increasing basicity. The 
amount of SFCA increased as basicity increased, while the amount of hematite and 
magnetite decreased. The same results were also found by Li [75]. 
1.2.3.4.2 SiO2 
The effects of SiO2 on the viscosity of a simulated initial sinter melt formed from a low 
melting composition of the Fe2O3-CaO binary system was investigated by Machida 
(Figure 24) [78]. The viscosity of the liquid phase with low melting point increased as 
SiO2 increased. Figure 25 presents optical micrographs showing the effects of SiO2 on 
the pore structure of laboratory sinter [76]. Due to their impact on ore reactivity and 
melt viscosity, the gangue minerals can affect the consolidation of sinter melt and gas 
bubbles, and hence the pore structure of sinter. This should have a drastic impact on 
sinter strength, size and yield. As shown in Figure 25, the pore area was the highest at a 
SiO2 content of 5.5 mass%. When the SiO2 content was increased or decreased from this 




Figure 24. Effect of additives on viscosity with low-melting point composition in 
Fe2O3-CaO system [78]. 
In Guo’s investigation [64], the addition of SiO2 only adversely affected the formation 
of calcium ferrite. The data in Figure 26 show that CF2 was decomposed into hematite, 
CF and C2S after adding SiO2 at 1190ºC.  
 
Figure 25. Optical micrographs showing the effect of silica content on sinter structure 
(width of micrograph 1.24mm) [76]. 
 
Figure 26. The changes of mineral composition after adding SiO2 into CF2 (C: CaO, F: 
Fe2O3, S: SiO2) [64]. 
1.2.3.4.3 Al2O3 
Al2O3 and Fe2O3 do not react unless CaO is present in the mixture, i.e. CaO promotes a 
solid-solution reaction between Al2O3 and Fe2O3 [64]. Further, Guo investigated the 
double layer of CaO and a mixture of Fe2O3 and Al2O3, as well the diffusion behavior of 
those particles during sintering in an air atmosphere at 1170°C. The model of the double 









According to the experimental results (Figure 28), there is a relationship between the 
thickness of the calcium ferrite layer and addition of Al2O3 [75] i.e. as the Al2O3 content 
increases, the thickness of calcium ferrites decreases.  Moreover, this trend expands 





in diffusion-couple of CaO and Fe2O3 - the role of Al2O3 plays is as follows. 1) 
Addition of Al2O3 hinders the inter-diffusion of Fe2O3 and CaO. 2) Existence of Al2O3 
changes the diffusion direction of Ca
2+
 and reduces its diffusion rate because the affinity 
between CaO and Al2O3 is stronger than that between CaO and Fe2O3. In addition, there 
were changes in the formation of calcium ferrites because the ternary Al2O3-CaO-Fe2O3 
surrounds the Al2O3 particles, which would change the properties of calcium ferrites 
and affect the sintering process. 
 
Figure 27. The section diagram of diffusion-couple of CaO and (Fe2O3 & Al2O3) 












Figure 28. The relationship of thickness of calcium ferrites and addition of Al2O3 
content [64]. 
 
Figure 29. Effect of Al2O3 content on proportions of phases in the bond. The bonds have 
the same levels of CaO (13.5%), SiO2 (6.5%), and MgO(0.1%) [75]. 
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In the investigation of Li, the phase proportions obtained as a function of Al2O3 content 
are shown in Figure 29. With Al2O3 content increasing, the amount of calcium ferrite 
increases but at a somewhat different rate in different samples. Glass phase decreases 
with Al2O3 content increasing but the relative change is much smaller than for the 
calcium ferrite. Less silicate is found at low temperatures. Reoxidized hematite also 
generally decreases with an increase in Al2O3, again the overall change is less than for 
the calcium ferrite although at low temperature. The amount of secondary hematite 
increases with increasing Al2O3. There only appears to be an effect of Al2O3 on porosity 
in the specimens held at the lowest temperature and this gives a rapid rise in porosity as 
the Al2O3 is increased. The influence of the Al2O3 content in the overall sintering cycle 
is quite complex, but its effect on the phases produced at low temperatures during 
heating can be seen from specimens that were rapidly quenched in nitrogen [75].  
 
Figure 30. Changes of mineral composition after adding Al2O3 into CF2 (C-CaO, F-
Fe2O3, S-SiO2, CF2-a- CF2 (Al2O3≤ 8.2%), CF2-b- CF2 (Al2O3> 8.2%)) [64]. 
Guo [64] also showed that the addition of Al2O3 only, improved the formation of 
calcium ferrite. The data in Figure 30 show that addition of Al2O3 conduced to 
generation of calcium ferrite, which did not like effects of SiO2. Addition of Al2O3 
improved solid solution of SiO2, which benefited of formation of SFCA, furthermore 









Umadevi [79] showed that the alumina percentage in the sinter decreases as the iron ore 
particle size increases (Figure 31) because of lower content of alumina in smaller than 
0.15 mm size fraction in iron ore fines. 
 
Figure 31. Effect of iron ore mean particle size on sinter alumina content [79]. 
Increasing Al2O3 has also a negative effect on the formation of SFCA, with the most 
significant being to increase sinter RDI. Industrial experience with blast furnaces shows 
that for a sinter with CaO content within a range 10~10.5%, an increase of 0.1% in the 
Al2O3 content raises RDI by 2%. Sinter reducibility is determined by the chemical, 
mineralogical composition and by the structure of the pores. Due to the complexity of 
the effects of Al2O3 on each of these factors, its effect on reducibility is not conclusive 
[56, 80-83].  
 
Figure 32. Effect of Al2O3 addition on the liquid field of the CaO-SiO2-FeOx system 
under pO2 1.8 Pa at 1300 ºC [84]. 
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 Pa at 1300 ºC, enlarges the liquid phase area in phase diagram slightly, which is 
significantly important in keeping the sinter blend molten over a wide range in the 
region (Figure 32). This is supported by the results from other investigations that Al2O3 
decreases the melting point of sinter blend, but contrasts with the general consideration 
that Al2O3 is a poor fluxing materials [85].  
 
Figure 33. Effect of Al2O3 on the pore structure of experimental compact sinters fired at 
1300°C [84].  
 
Figure 34. Effect of Al2O3 addition on the viscosity of the Fe2O3–CaO system [78]. 
Related research concerning the Al2O3 content effect on the viscosity and fluidity of the 









500μm 500μm 500μm 
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Al2O3 plays a key role in the reshaping and coalescing in sintering process, leading to a 
special sinter porous structure. Experimental results in Figure 33 show that the pore area 
increases drastically, and the pore shape becomes more irregular as Al2O3 increases 
from 1.6 to 2.4%. Machida and coworkers [78], and Saito and co-workers [86] 
measured the viscosity of calcium ferrite slags caused by changes of Al2O3. As shown 
in Figure 33, Al2O3 is very effective in increasing the viscosity of calcium ferrite slags, 
particularly at temperatures below 1300°C in air.  
1.2.3.4.4 MgO 
The effects of magnesia (MgO) on the viscosity of a simulated initial sinter melt formed 
from a low melting composition of the Fe2O3-CaO binary system was investigated by 
Machida (Figure 35, [78]). The results indicate that the viscosity of the simulated melt 
increases with MgO content increasing. Related photomicrographs (after Loo, Figure 36) 
reveal that with MgO content increasing, reshaping of pores reduces, probably caused 
by changes in the melting point and viscosity [76]. 
 
Figure 35. Effect of additives of MgO on viscosity with low-melting point composition 




Figure 36. Optical micrographs showing the effect of MgO content on sinter structure 
(width of micrograph 1.24mm) [76].  
Umadevi et al [87] undertook a systematic study concerning MgO effects on the 
sintering process, especially MgO in different mineral phase: dolomite, an anhydrous 
carbonate mineral composed of calcium magnesium carbonate, ideally CaMg(CO3)2, 
and dunite, an igneous, plutonic rock, of ultramafic composition, with coarse-grained or 
phaneritic texture. A brief description is as follows. 
 
Figure 37. Phase analysis of sinter with dolomite and dunite [87]. 
Phase analyses of dolomite and dunite sinter are shown in Figure 37, respectively [87]. 
Microstructural studies revealed that the total amount of hematite and calcium ferrite 
phase decreased whereas magnetite and silicate phase increased with increasing MgO 
percentage in dunite and dolomite sinter. Dunite sinter consisted of higher amounts of 
hematite and less ferrites compared to dolomite sinter. The ferrites present in dunite 
sinter were fine in nature (like needle shape) whereas the ferrites present in dolomite 
sinter were coarser in nature (like lath shape). Dunite sinter was associated with more 
slag phase when compared to dolomite sinter which is due to the presence of free SiO2. 
Dunite sinter consisted of round shaped pores. This effect was mainly due to the 
500μm 500μm 500μm 
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presence of alumina in dunite (0.36%) and dolomite (2.29%) sinter. The alumina level 
decreased in dunite sinter whereas it increased in dolomite sinter with increasing MgO 
level. Dolomite sinter consisted of larger irregular shaped pores because the reshaping 
of pores was reduced at increasing MgO levels, probably because of changes in the melt 
liquids temperature. Dunite sinter had a higher number of smaller pores at higher MgO 
level. 
 
Figure 38. Influence of MgO on productivity (a) and sintering time (b) content in sinter 
[87]. 
 
Figure 39. Influence of MgO on TI (a) and AI (b) content in sinter [87]. 
 
Figure 40. Influence of MgO on RDI in sinter [87]. 
42 
 
The productivity of dunite sinter was improved compared to dolomite sinter. Clearly, 
factors affecting sintering time directly affect the sinter production rate. The sintering 
time is dependent to a large extent on the progress of the combustion zone and the 
subsequent cooling zone. The sintering and cooling period of the sinter increases with 
increasing addition of MgO% in the sinter mix. The quantity of the melt formed during 
the sintering process mainly depends on the sintering time. CaO can form a melt phase 
with the other constituents of the sinter mix, comparatively at lower temperatures 
(~1150°C). In the sinter mix, MgO can form a melt phase with SiO2 at temperatures 
greater than 1300°C and with Fe2O3 at temperatures greater than 1600°C [5]. Addition 
of MgO in the sinter mix required a higher temperature for melt formation and the 
highly fluxed composition with MgO acts as a refractory phase. Most of the MgO added 
has been reported to migrate into the magnetite phase to form magnesio-spinels rather 
than appearing in the slag phase. Due to the addition of more MgO in the sinter mix, the 
slag phase progressively becomes rich in SiO2 resulting in a higher viscosity of the melt 
and requires more temperature for melt formation. Addition of more MgO will require 
more energy (high coke rate) which subsequently leads to decreased sinter productivity. 
The productivity of dunite sinter was found to be higher compared to dolomite sinter. 
Simplification of the sintering phenomenon in dunite sinter by readily available SiO2 
and MgO for melt formation is likely to be responsible for increased productivity [6]. 
The effects of MgO on the physical and metallurgical properties of sinter are shown in 
Figure 39. The tumbler index (TI) and abrasion index (AI), which represent the room 
temperature strength of sinter, give an indication of its disintegration behavior during 
handling, and have been found to be influenced by MgO. In both cases of dolomite and 
dunite addition to sinter, the tumbler index (TI) decreased and abrasion index (AI) 
increased with increasing MgO. 
After reduction following tumbling, the -3.15mm fraction generated is considered as 
RDI (-3.15mm) of the sinter and -3.15mm below 27% is considered as good RDI. The 
RDI (- 3.15mm) and RDI (-0.5mm) of dunite and dolomite sinter decreased with 
increasing MgO percentage in sinter (Figure 40). The weakening and degradation of 
sinter is associated with a volume increase due to the phase transformation of hematite 
to magnetite occurring in the sinter. With addition of MgO, the hematite content 
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decreases and the magnetite content increases. Since less hematite is available, less 
reduction takes place at lower temperature and less strain is generated in the sinter 
matrix structure; hence, RDI decreases. 
 
Figure 41. Schematic of the reaction behavior of different magnesia involving two 
formation mechanisms of magnetite. Ms1: Magnetite formed by solid state reaction. 
Ms2: Magnetite formed from melt [87]. 
Reaction route of dolomite assimilation in iron ore sinter： 
Dolomite is decomposed to CaO and MgO in two steps during an early stage of heating 
according to the following reactions: 
CaMg(𝐶𝑂3)2 → CaO(s) + MgO(s) + CO2(g)(𝑎𝑡~800°C) 
𝐶𝑎𝐶𝑂3 → CaO(s) + CO2(g)(𝑎𝑡~900°C) 
The decomposition reaction of dolomite is endothermic in nature and 1 kg dolomite (Ca 
Mg(CO3) requires 3026 kJ of heat for calcination. After calcination of dolomite, the 
CaO and MgO react with hematite individually and form calcium ferrite and magnetite 
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solid solution by solid-state diffusion, respectively. The formation of calcium ferrite 
(CF) and magnetite solid solution takes place as follows: 
CaO(s) + Fex(s) → CF 
MgO(s) + 3FeOx(s) → (Fe, Mg)O ∙ Fe2𝑂3(𝑠) 
Above 1192 °C, the eutectic temperature of CaO·2Fe2O3 - CaO·Fe2O3 - C2S in air, 
calcium ferrite melt forms in the sinter mixture, and subsequently dissolution of CaO 
and MgO into the melt takes place. From the area in which both MgO and FeOx 
contents are high simultaneously, the high activity of MgO and FeOx in the melt allows 
magnetite to form. 
MgO(s or in melt) + 3FeOx(in melt) → (Fe, Mg)O ∙ Fe2𝑂3 
With the formation of magnetite, the SiO2 is condensed into the melt due to the low 
solubility of SiO2 in magnetite, leading to changes of chemical composition of the melt, 
which turns into two types of melt. One is with high CaO, high MgO, and low FeOx 
content between dolomite and magnetite. The other one is with low CaO, medium MgO 
and high FeOx content around magnetite. During or before cooling, magnetite is 
precipitated from the latter melt, resulting in “magnetite + silicoferrites of calcium and 
alumina (SFCA) + slag” structure. “Hematite + slag” is formed from the melt with high 
SiO2 and low MgO content during cooling in the area away from dolomite particles [87]. 
Reaction route of dunite assimilation in iron ore sinter： 
Dunite, the parent rock of magnesite contains 47 to 49% MgO, 39 to 41% SiO2, and loss 
of ignition is 0.40 to 0.90 %. The chemical formula of dunite is (Mg2SiO4). Dolomite 
(CaMg(CO3)2) demands heat energy for calcination (see above, 3026 kJ/kg) whereas 
dunite (Mg2SiO4) does not require any energy for calcination as it already exists in the 
melt in the form of Mg silicate. It is therefore expected that dunite would more easily 
assimilate into the melt than dolomite. During assimilation, dunite directly reacts with 
hematite and forms a dense magnetite in a similar mechanism as that in the assimilation 
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of dolomite, however, the chemical composition of the coexisting melt has high SiO2 
content due to its chemical constitution (Figure 41). 
1.2.4 Mineralogy of Iron Ores 
The different mineral phases of impurities will now be introduced. Details of common 
iron ores and associated gangue minerals found in many iron ore deposits and iron ore 
products are given in Table 1. 
Hematite is considered to form from the oxidation of magnetite in the near-surface 
environment, although it has been demonstrated that the transformation of magnetite to 
hematite or vice versa can also be achieved via a pH shift without a redox reaction. 
Martite is a commonly used textural term to denote hematite pseudomorphs after 
primary magnetite, where the octagonal outlines of many of the original magnetite 
grains are preserved. The term “kenomagnetite” was introduced to describe metal-
deficient spinel phases between magnetite and maghemite. 
Magnetite (Fe3O4) is a common iron ore mineral in iron ore deposits of 
metasedimentary and magmatic origin. Magnetite has an inverse spinel structure and is 
partly altered in near-surface environments to hematite or kenomagnetite.  
Goethite is an iron oxyhydroxide (α-FeOOH), believed to be the most common iron ore 
mineral in sedimentary and near-surface, altered metasedimentary iron ore deposits. The 
three most common forms of goethite are brown, yellow ochreous, and dark brown 
vitreous goethite. Many seaborne-traded iron ores are mixtures of hard brown goethite 
and yellow ochreous goethite with hematite. The yellow ochreous form of goethite is 
often incorrectly referred to as “limonite.” [Limonite is a discredited mineral name 
according to the Commission on New Minerals and Mineral Names of the International 
Mineralogical Association and its continued use should therefore be discouraged]. 
Yellow ochreous goethite often contains amorphous material and high (2-9%) levels of 
Al2O3 and SiO2, although there is some debate on the extent to which the latter two 
oxides are present as submicron inclusions of contaminant minerals or substituted as 
elemental Al and Si into the crystal lattice. 
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Table 1. Common iron ore and gangue mineral definitions [88]. 
Types Chemical formula Description 
Ore mineral 
Hematite Fe2O3 Iron oxide 
Magnetite Fe3O4 Primary iron oxide 
Goethite FeOOH Most abundant iron oxyhydroxide with 
three subtypes: yellow ochreous has excess 
water and chemical impurities; brown, the 
most common variant, is stoichiometric; 
while vitreous is glassy and contains 2–9% 
SiO2 + Al2O3, either as an impurity or as 





1.67[ ]0.33O4  Intermediate iron oxide 
Kenomagnetite Fe3−x( )xO4  
 
Intermediate metal-deficient phase between 
magnetite and maghemite 
Martite Fe2O3  Hematite that has replaced primary 
magnetite 
Hydrohematite Fe(2−x)/3(OH)xO3−x  A defect solid solution where OH- ions 
replace oxygen  
Gangue mineral 
Quartz  SiO2  Common oxide of silicon 
Kaolinite Al4(Si4O10)(OH)8 Clay 
Gibbsite Al(OH)3 Clay 












Pyrite FeS2  Iron sulfide 
Pyrolusite  MnO2  Manganese dioxide 
Siderite FeCO3 Fe-carbonate 
Ankerite Ca(Fe, Mg, Mn)(CO3)2 Ca-Fe-Mg-Mn carbonate  
Maghemite occurs more commonly in alluvial deposits, typically iron-rich conglom-
erates and gravels, but elsewhere may partly replace magnetite in weathered iron ores. 
Hydrohematite (Fe(2−x)/3(OH)xO3−x) is a defect solid solution structure where OH
−
 ions 
replace oxygen atoms and charge balance is achieved by octahedral Fe
3+
 ion vacancies. 
The presence of hydrohematite is often inferred, but its presence is difficult to prove, 
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especially where colloform goethite is interpreted to have been partially dehydrated to 
hematite. 
While, in rare cases, in some countries, iron may be extracted from other iron-bearing 
minerals such as pyrite and siderite, they are not considered here to be economically 
viable iron ore minerals since they result in unacceptable environmental emissions of 
SOx and CO2, respectively, during subsequent agglomeration and high-temperature 
processing. 
Quartz is by far the most common iron ore gangue mineral overall, whereas clays 
(kaolinite and gibbsite) predominate in weathered supergene altered and near-surface 
exposures of ore deposits, while minnesotaite and stilpnomelane are the most common 
silicate minerals in unweathered iron formation deposits. There are many other major to 
minor gangue minerals associated with iron ore deposits including many different 
silicates (including amphiboles and chlorites), carbonates (siderite and ankerite), sul-
fides (e.g., pyrite), and oxides (e.g., pyrolusite). 
The ore textures are typically quite complicated and are directly related to deposit ore 
genesis while the mineralogy of many iron ore deposits is relatively simple. 
Furthermore, it is these complex textures and not mineralogy alone that control 
metallurgical process performance from crushing to screening, beneficiation and 
agglomeration (sintering or pelletizing) of fine ores or concentrates, and lump burden 
behavior in the blast furnace. Differences in iron ore chemistry, texture, mineralogy, and 
physical properties are directly related to iron deposit types. 
In the sections aforementioned, the effect of various impurities on liquid phase 
formation, reshaping and even the whole sintering process has been reported. Although 
differences in the various mineral phase effects on sintering process and formation of 
SFCA were observed, information on these aspects is rarely reported. However, the 
possible mechanisms responsible of Al2O3 in different ores are not yet clear and 
unfortunately information on ore types about the effects of iron ore is not always readily 
available in the literature. 
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1.2.5 Experimental Techniques of Iron Ore Sintering Research 
1.2.5.1 Tablet Testing 
Based on the abovementioned review, the experimental equipment and methods used to 
simulate the sintering process using tablets, are listed as follows. 
1)  The blend mixed with chemical reagents in fixed proportion was pressed into 
cylindrical tablets of 45-47mm.  The tablets were placed into a MgO crucible and 
heated to 1300°C in electrical resistance furnace. The calcium ferrites and pores as well 
as the reducibility of the tablet were investigated by Takayuki and Yoichi et al [89].  
2) Fumio et al. ground the raw materials to - 0.125mm, mixed these uniformly and then 
pressed the blend into tablet with diameter of 15mm. The tablets were put into an 
electrical resistance furnace at a fixed temperature and were analyzed by optical 
microscope, XRD and EPMA [90]. 
3) Li and Whiteman also ground raw materials to - 0.125mm, mixing them uniformly 
and then pressed them into cylindrical tablets with 6mm diameter and approximately 
6mm in height [62, 91]. Their experimental apparatus (Figure 42) was a tube furnace 
with good sealing properties. The tablets were placed into the furnace under simulated 
sintering atmospheres (N2, Air, CO and CO2). The samples were analyzed by the optical 
microscope, XRD and EPMA. 
4) Loo and Williams et al also ground the materials to - 0.125mm, blended and then 
pressed into a tablet. The tablet was placed into an infrared heating furnace (shown in 
Figure 43) where the temperature was increased to a fixed level under a simulated 
atmosphere (N2, Air, CO and CO2). The assimilation of materials and SFCA-I were 
investigated [92]. 
5) Chaigniau also ground the raw materials and used the infrared furnace to investigate 




Figure 42. The experimental apparatus in research of Li and Whiteman [91]. 
 
Figure 43. The infrared furnace in Loo’s research [92]. 
6) Duan and Wang used the infrared heating furnace designed by them to investigate the 
assimilation properties, liquid-phase flow performance, and strength of binding phase 
and generation properties of calcium ferrites [94]. 
7) Wu et al. used a tube furnace to investigate the generation temperature T10% of 
calcium ferrites, highest temperature of calcium ferrites existence, maximum quantity of 
calcium ferrites and temperature range of generation of calcium ferrites [95]. 




1.2.5.2 Comparison of Sintering Process of Tablet Test, Sinter Pot and Sinter Plant. 
Table 2 shows a comparison of the four scales for the sintering process, identifying the 
advantages and disadvantages for each scale. 
Table 2. Comparison of tablet, sinter pot and commercial trial. 
Scale Tablet Millipot Sinter pot Commercial 
trial 
Material types Reagents/ores ores ores ores 
Raw material 
size Ground powder Original size Original size Original size 
Sample size 1 g 2~3kg 65~120kg [88] - 
PO
2
 Well controlled Variable and 
non-uniform 
Air & Coke 
combustion 
Air & Coke 
combustion 
Cooling Well controlled Sucked Air Sucked Air Sucked Air 
Pressure drop N/A Adjustable Adjustable Adjustable 
Heating 
methods Electricity Coke Coke Coke 
Time 20 mins ~1 h ~3 h [88] Days~weeks 















1.2.6 Summary and Project Objectives 
Based on the previous survey in the sintering experimental methods, in order to avoid 
the disadvantages of the bench-scale tablet (compact) testing (difficult to simulate the 
heterogeneity of a sinter bed) and pilot-scale pot testing (time consuming and labor-
intensive), a smaller scale pot testing facility is desirable to establish and develop.   
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At present, sinter plant has progressively moved towards using cheaper iron ores, 
including non-traditional hematite ores and goethitic ores, which have mineralogy that 
may be relatively simple but the textures are often complex and can negatively 
influence the performance of ironmaking processes, including the sinter plant and blast 
furnace. The characteristics of the simple hematite ores has been developed, while that 
of goethitic ores is still unclear due to the complex mineral phases, especially in the 
perspective of metallurgy. Furthermore, no information on the evolution of mineral 
phases from the interaction between the mineral phases of iron ores and fluxing 
materials during sintering has been reported in the literature. In order to fill knowledge 
gaps on the interaction between the mineral phases of representative hematite and 
geothitic ores, and flux materials (CaO, MgO, Al2O3, SiO2), the related works have been 
planned. The aims of this research were as follows. 
1) Millipot (a small sinter pot) setup, commissioning and optimization.  
2) Sintering of iron ores in a millipot in comparison with tablet testing and industrial 
process. 
3) Characterization of traditional hematite, non-traditional hematite and goethite. 
4) Interaction between mineral phases in iron ores (hematite ores and goethitic ores) 
and fluxing materials during sintering  
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1.3 Experimental Methods 
1.3.1 Tablet Sintering Equipment 
The apparatus in this research is shown in Figure 44. In the central part of the furnace is 
an alumina tube, around which heating elements are distributed. A presentative 
temperature calibration curve for this furnace is shown in Figure 45, which presents the 
actual temperature distribution in furnace. 
 
Figure 44. The experimental apparatus – electrical resistance furnace (mm). 
 
Figure 45. Relationship of temperature around sample and temperature on panel. 
y = 0.9431x + 36.424 
































Temperature on furnace panel, °C 
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The relationships between measured temperatures and different positions under various 
furnace temperatures are shown in Figure 46.  
 
Figure 46. Relationship between the temperature on panel and different positions. 
1.3.2 Sinter Pot Test 
A small sinter pot is employed in this research to better simulate the industrial sintering 
process and bridge the gap between industrial sinter plant and tablet testing conditions. 
Figure 47(b) shows a photograph and schematic diagram of the millipot. It is divided 
into four parts: ignition, reaction zone, detection holes and vacuum system. Natural gas 
is used to ignite the top of materials to start the sintering process. The reaction system, 
with height of 470mm and diameter of 53mm, simulates the sintering bed in the sinter 
plant. There are 7 holes on the side of cylinder and two holes on the bottom of bed, 
which are used to link sensors to detect the pressure drop and sintering temperature 
changes. A pump system provides sufficient vacuum for sinter bed. Chapter 2 will 
elaborate on the setup of the millipot and associated commissioning work. 





























Figure 47. The photo of millipot (a) and schematic diagram (b) of millipot (mm). 
1.3.3 Sample Preparation for Characterisation 
The sintered samples were firstly placed in a mould, followed by epoxy resin which was 
poured over the top of samples. The samples were also held within a vacuum chamber 
for around 30 minutes to ensure that the resin impregnated the entire samples, before 
being left to harden for 24 hours at room temperature.  
The samples were then cut perpendicular to the top surface using a diamond blade on 
the Struers Accutom-50 precision cut-off machine (Struers Inc., United States). The 
cross-section was then sanded and polished using SiC paper, from 500 to 1200 grade, 
followed by 9 μm, 3 μm and 1 μm diamond paste on a polishing wheel of a Struers 
TegraPol-21 automatic polishing machine (Struers Inc., United States). The polished 
samples were coated with a carbon film at high vacuum to guarantee good conductivity 
for SEM/EDS and EPMA analysis. 
1.3.4 Optical Microscopy 
Optical photomicrographs of polished samples were obtained in reflected light using a 
Leica DM6000 (Leica Microsystems, Germany) optical microscope with an attached 
Leica DFC295 digital camera. Images were captured using the Leica Application Suite 
(LAS) V4.3 software package. 
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1.3.5 Determination of the Volumetric Fractions of Mineral Phases 
The obtained digital optical photomicrographs were analysed using Leica Phase Expert 
(Leica Microsystems, Germany) software to determine the volumetric fractions of 
mineral phases which is equal to the area fractions of the corresponding phases in the 
cross sections of the sintered samples. Different phases (hematite, magnetite and SFCA) 
as well as pores in a sintered sample were identified respectively by regions of 
homogeneous reflectivity. The key phases were then differentiated by coloured overlays 
40 to show their distribution, and the volumetric fractions of the phases present in the 
sinter were determined using the software. 
1.3.6 Scanning Electron Microscopy/Energy Dispersive X-ray Spectroscopy 
All sample analyses were undertaken using a JEOL JSM – 6490 SEM, fitted with an 
Energy Dispersive X-ray Spectroscopy (EDS) system. The operation was carried out 
with an accelerating voltage of 15kV or 20kV and working distance of 10 mm. 
EDS calibration had been done to ensure the accuracy of the analysis before the SEM-
EDS analysis. 
1.3.7 Qualitative and Quantitative X-Ray Diffraction 
All the qualitative XRD investigations were conducted using a GBC MMA XRD using 
a copper Kα X-ray source (λ = 1.54056 Å) with a nickel monochromator. The scans 






/min and a step size of 0.02
 o
. The voltage used was 35 
kV, with a current of 28.6 mA. Qualitative phase analysis was carried out using X’pert 
HighScore Plus software (Version 3.0.0). 
1.3.8 Leica Application Suite V4.0.0 
Leica Application Suite V4.0.0 was used to perform automated image analysis of the 
samples. The image obtained from optical microscopy were analysed by the phase 
expert of the software. The phase composition would be given according to the color of 
the different mineral phases. 
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This method of image analysis has potential to replace the traditional point counting 
which also based on the different color of various mineral phases, as well as 
morphology and micro-texture. Image analysis has advantage of handling much larger 
area than point counting.  
The method of quantitative XRD was also used in Appendix 2 of this thesis for 
characterising the mineralogy of iron ore sinters. It bases on the identification of mineral 
crystal structure, providing another perspective to present the mineralogy of the iron ore 
sinters. 
1.3.9 Carbon Content Analysis 
Analysis of Carbon content of sample was based on a combustion method. A weighed 
sample in porcelain boat was gradually pushed into a tube furnace at 800°C with 
continuous oxygen flow of 1 NL/min. The CO and CO2 contents in the off-gas were 
analyzed by an infrared absorption gas analyzer (Ultramat 23, Siemens, Germany) and 
carbon content in the sample was calculated accordingly.  
1.3.10 Inductively Coupled Plasma- Optical Emission Spectrometry 
The zinc content of samples in section of Zn removal was examined by an Inductively 
Coupled Plasma- Optical Emission Spectrometry (ICP-OES). Around 0.1g crushed 
sample after sintering was digested into a solution consisting of 6 ml HCl, 2 ml HNO3 
and 2 ml H2O2. After filtration through 0.1μm glass fibre filter, the solution was then 
diluted to an appropriate concentration for analysis. 
1.3.11  Control of Oxygen Partial Pressure of Sintering Atmosphere 
In the tablet sintering process, the atmosphere was controlled by the mass flow 
controllers following the experimental conditions as planned. The atmospheres with PO2 
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Steelmakers are increasingly motivated to use iron ore resources with a wider range of 
grades and mineral types that were previously considered unsuitable or uneconomical 
for sintering. In this respect, specific issues which now require further investigation and 
understanding include the sintering of ore types with a) overall higher gangue content, 
b) elements that cause problems in the steel manufacturing operations, and/or c) 
distinctive sintering performance compared with traditional hematite-rich iron ores. 
Laboratory-based investigations of the sintering performance and the behaviour of 
gangue impurities during sintering is an important step towards the successful 
utilisation of these resources in steelmaking. 
In terms of laboratory-based sintering investigations, there are two generally accepted 
experimental scales utilised prior to undertaking industrial-scale trials, viz. bench-scale 
tablet (compact) testing, and pilot-scale pot testing. The former has the advantages of 
flexibility and more precise control of sintering conditions, but it is difficult to simulate 
the heterogeneity of a sinter bed. The latter, which are carried out in pots with 
diameters between 150 ~ 500 mm, simulate the commercial sintering process and 
conditions quite well but are time consuming and labour-intensive due to operational 
complexity. It is therefore desirable to establish a smaller scale pot testing facility 
which avoids the disadvantages of the normal sintering pot but can provide comparable 
information.  
To explore the feasibility of small-scale pot testing, a ‘millipot’ facility was established 
to examine the sintering performance of iron ores and other non-traditional ferrous 
materials. The millipot has a diameter of 53 mm and height of 400 mm. The facility has 
the capability to monitor the sintering temperature at a number of locations (axial, 
radial) within the sinter bed and to adjust the suction (“windbox”) pressure. This paper 
describes the development of the millipot facility and operational procedures, together 




1. Introduction  
The characteristic properties of raw materials charged into the blast furnace (BF) have 
changed significantly over the last few decades. Formerly, raw iron ore lumps were 
used, but over time, lump ore has been replaced by iron ore fines used in the production 
of pre-fluxed sinters and pellets [1]. At present, sinter is the major ferrous burden 
material used in the BF. However, with ever changing ore costs and specifications, and 
environmental pressures, steelmakers are increasingly motivated to use iron ore 
resources with a wider range of grades and mineral types previously considered 
unsuitable or uneconomical for sintering, as well as other iron-bearing materials such 
as plant by-products. This means that specific new issues requiring further 
investigation and understanding continue to arise, including the sintering of ore types 
with a) overall higher gangue content, b) elements that cause problems in the steel 
manufacturing operations, and/or c) distinctive sintering performance compared with 
traditional hematite-rich iron ores.  
Laboratory-based investigation of the sintering performance and the behaviour of the 
gangue components during sintering is an important step towards the successful 
utilisation of these resources in steelmaking. In terms of laboratory-based sintering 
investigations, there are two generally accepted experimental scales utilised prior to 
industrial-scale trials being undertaken, viz. bench-scale tablet (compact) testing [2, 3], 
and pilot-scale pot testing [4, 5]. The former has the advantages of flexibility and more 
precise control of sintering conditions, but it is difficult to simulate the heterogeneity of 
a sinter bed. The latter, which are carried out in pots with diameters between 150~500 
mm, simulate the commercial sintering process and conditions quite well but are time 
consuming and labour-intensive due to operational complexity. It is therefore desirable 
to develop and establish a smaller scale pot testing facility which avoids the 
disadvantages of the normal sintering pot but can provide comparable information.   
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2. Overview of Millipot 
2.1 Millipot Apparatus 
To explore the feasibility of small-scale pot testing, a ‘millipot’ facility has been set up 
to examine the sintering performance of iron ores and other iron-bearing materials. 
Figure 1 shows a schematic diagram of the millipot - it consists of an insulated sinter 
tube (pot), air suction and waste gas treatment components, and a process monitoring 
and control system.  
The sinter tube is a stainless steel column (53 mm internal diameter, 490 mm high) 
surrounded by 50 mm of thermal insulation material. Six ports on the side of the 
column allow for insertion of thermocouples to monitor the sintering temperature, or to 
be connected with a differential pressure transducer for pressure drop measurement. 
Two extra ports are available at the bottom extended section (T7) for the measurement 
of off-gas temperature and the pressure drop across the sinter bed. The sintering 
process is initiated using an LPG burner located on the top of the millipot. The air 
suction system includes a water ring vacuum pump and a buffer container as a windbox 
and to stabilise the system suction pressure. The windbox container is half filled with 
water so that the flue gas generated during sintering can be cooled down and cleaned. 
The suction pressure can be controlled using a bypass valve on the windbox providing 
additional dilution air, i.e. without flowing through the sinter pot.  
The process monitoring system includes measurement of the air flow through the sinter 
pot (rotameter), as well as the sintering temperature and pressure drop within the sinter 
pot. The temperatures at different locations of the sinter pot are monitored using bare 
Type K (or Type R) thermocouples to increase the sensitivity and accuracy of the 
measurement. The pressure differences are monitored using a digital differential 
pressure transducer. All of the temperature and pressure data are logged using a 




Figure 1. The schematic of the millipot set-up (mm) 
2.2 Sintering Feed Materials 
As the aim of the present work was to closely simulate industrial sintering conditions, a 
sinter green feed from BlueScope’s Port Kembla Sinter Plant at the exit of the mixing 
and rolling drum was used. The stockpile components forming the green feed are iron 
ores 1 to 5 45.7, 1.82, 1,51, 1.69 and 8.31 wt%, respectively. Other components include 
manganese ore 0.34%, ferrous recycles 4.70%, metallic recycles 3.23%, and returned 
fines 15.65%. The fluxes are limestone 10.62% and dolomite 2.28%. The coke consists 
of 4.17% of the green feed. Prior to experiments, the mix was sampled, transported and 
stored in sealed plastic bags to prevent loss of moisture. The physical size distribution 
of the sinter green feed as determined by drying and then sieving 5 kg of the green feed 
consists of +0-2mm 37%, +2-4mm 29%, +4-6.3mm 19%, +6.3-8mm 6%, +8-10mm 
4% and +10mm 5%. 
Due to the small diameter of the millipot, large particles have a disproportionate effect 
on the local sintering conditions. To mitigate this, the particles with size larger than 6.3 
mm were sieved from the green feed and then crushed through a jaw crusher and 
recombined with the green feed to ensure the final blend had a top size less than 6.3 
mm. The green feed contains (wt% dry and carbon free basis) total Fe 47.5 (1.76 FeO), 
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SiO2 5.56, Al2O3 1.51, CaO8.71, MgO 1.01. The basicity (CaO/SiO2 weight ratio) is 
1.57. Carbon content of coke breeze in use was approx. 85%.    
The coke rate is defined as follows: 
Coke rate (CR) =
𝑚(coke)
𝑚(Green feed)
                                                                   (1) 
where m(coke) denotes the mass of coke and m(green feed) the mass of green feed. 
2.3 Experimental Procedure 
The procedure for the millipot operation includes the following key steps: 
1) Loading. Stainless steel mesh was fitted at the bottom, then 50g of hearth layer 
material (approx. 20 mm height) with a particle size ranging from 5-7.1 mm was 
placed onto the mesh. The green feed was loaded into the millipot from the top in 
30 mm (120g) increments to produce a 400 mm bed. Two loading methods were 
used in this study - loading materials under gravity with a) no compaction and b) 
with compaction. 
2) Thermocouple placement. The thermocouples were used to measure sintering 
temperature through ports 1-6, as shown in Figure 1. The thermocouple tips were 
placed either at the centre of the column (maximum or peak temperature) or close 
to the column wall. Thermocouples were inserted when the load reached the level 
of each port. A Type-K thermocouple with Inconel shielding was used to measure 
the off gas temperature (port 7). 
3) Ignition/Sintering process. Sintering was commenced by adjusting suction pressure 
to 5 kPa and then placing the burner (1200 °C) over the top of the bed for 90 s. 
Then the burner was removed and the pressure increased to 10 kPa matching the 
pressure gradient used by Lu (Lu, 2015). After the flame front had passed through 
the bed, suction was continued until the off gas temperature cooled to 80 °C, then 
the pump was turned off and the sinter pot was unloaded.  
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4) Sample collection, data collection and analysis. After the sinter cooled to room 
temperature, the sintered column was carefully pushed out on to a clear plastic 
sheet, retaining the spatial relativity of the solids. Samples from different layers 
were then taken. The remaining sinter column was wrapped in the plastic sheet to 
retain the column arrangement. The sinter samples from different layers were used 
for characterization by XRD, optical microscope and SEM. 
3. Millipot Commissioning and Optimisation 
In the current application of millipot, the material being sintered is derived directly 
from sinter plant green feed with only coke rate adjustments, with the intention of 
achieving reasonably close correspondence of millipot sintering conditions to those in 
the full scale plant. When operated in this way, no attempt to bring the fines load into 
balance is made as might be done for a conventional pot when working with a blend 
composed of discrete ore and flux additions. Thus, in order to optimize the feed 
preparation and millipot experimental procedure a range of adjustments were made as 
discussed in this section. 
3.1 Millipot Commissioning without Bed Compaction 
An initial set of experiments were carried out to investigate and determine the 
appropriate coke rate level for the millipot runs with no initial compaction of the bed. 
The original coke rate in the green feed blend was 4.17% but at this level, combustion 
of coke could not sustain for the full length of the column. Therefore, a series of 
increased coke rates of 5.14, 5.40, 6.35, and 6.78% were tested, and the temperature 
and pressure drop plots in each test are shown in Figure 2. 




                                                                   (2) 
where Distance (T1~T6) denotes the distance between T1 and T6 and time (T1~T6) the 





Figure 2. Sintering temperature and pressure drop under different coke rates. (a) Coke 
rate = 5.14%; T1, T3, T5:  wall temperatures, and T2, T4, T6: centre temperatures; 
bulk density: 1706 kg/m
3
. (b) Coke rate = 5.40%; T1, T3, T5: wall temperatures, and 
T2, T4, T6: centre temperatures; bulk density: 1706 kg/m
3
. (c) Coke rate = 6.35%; T1, 
T2, T4-T6: centre temperatures, and T3: wall temperature; bulk density: 1646 kg/m
3
. (d) 
Coke rate = 6.78%; T3, T5: wall temperatures, and T1, T2, T6: centre temperatures; 
bulk density: 1641 kg/m
3
. T7: off gas temperature in all plots. 
The peak sintering temperature and FFS at different coke rates are summarized. The 
peak sintering temperature generally increased with coke rate; however, from these 
results, there appeared to be no direct relationship between coke rate and FFS. With no 
initial compaction of the green bed, the FFS was significantly higher than that of 
BlueScope’s sinter strand, 18~24 mm/min compared to ~14 mm/min. Furthermore, 
with approximately half of the sintered materials in the form of fines, i.e. insufficient 
melt to bond materials together, it was clear that decreasing FFS and increasing 
sintering temperature were required, although the sinter product had improved to a 
certain extent with the increase of coke rate. The sinter product was sieved into -4.75 
mm and +4.75 mm fractions, with the latter accounting for 60.1% on average. The bulk 
density of burden materials with no compaction was ~1650 kg/m
3
, instead of an 
optimum level of ~1800 kg/m
3
 (Lu, 2015), which resulted in a high sinter bed 
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permeability and ultimately high FFS, high heat loss and low melt formation. To 
attempt to overcome these issues, an increase in bulk density was tested by 
mechanically compacting the green bed during filling. 
3.2 Improvement of Millipot Loading Using a Compaction Rod  
In order to improve the density, uniformity and controllability of loading, and to 
decrease the FFS during sintering, a compaction rod with a 50 mm diameter disk at 
bottom end weighing 1327g was used as a mechanical compaction device. The green 
feed was loaded into the column in 120g increments (out of a total charge of 1750g). 
After each 120g increment, the compaction rod was gently placed on the surface, lifted 
100 mm and then released. This process was repeated until the column was filled to the 
top giving an initial bed height of 400 mm.  
Using the compaction rod, the bulk density of the sinter bed attained ~1870 kg/m
3
. The 
effect of compaction was tested at a coke rate of 6.78% for comparison with the results 
shown in Figure 2d. As shown in Figure 3, the sintering test attained approximately the 
same peak temperature as that in Figure 2d. However, the duration above 1200 °C with 
compaction (~140 s) was longer than that without compaction (~60 s), indicating 
improved sintering conditions [6]. The FFS decreased to 17.4 mm/min. Figure 4 shows 
that the sinter product consisted of a coherent core with its cross-section close to the 
size of the pot column. The +4.75 mm fraction accounted for 75.2% of the product. 
 




        
Figure 4. Sinter product after rod compaction: (a) Sinter product separated into the core 
and fines; (b) Part of sinter core; (c) Cross section of the sinter core in (b).  
The sinter core sample from Figure 4 was mounted in epoxy resin and polished to 
observe its microstructure and mineral phases. Figure 5 (a~c) shows some typical 
micrographs of the sinter samples taken from the centre of the sintering pot. A large 
amount of magnetite was observed, indicating the presence of a reducing atmosphere 
during the peak temperature period of the sintering process. On the edge of the sinter, 
adjacent to large pores, hematite and silico-ferrite of calcium and aluminium (SFCA) 
were observed. After the passage of the flame front, cool air passed through the already 
sintered bed on its way to the reaction zone, providing an oxidising atmosphere during 
cooling. As expected, limited assimilation of ore and flux particles occurred at the pot 
wall where heat loss was high (Figure 4b). 
In Figure 4b, some unreacted flux and iron ore particles are present near the edge of the 
sinter column. Figure 5 (d~f) presents the microphotographs of typical structures of 
particles around the edge of the sinter column – remnant iron ore particles. Incomplete 
sintering also took place in some particles – their shapes were retained but pores and 
secondary hematite were formed during sintering. According to iron ore 
characterisation, the semi-reacted particles in Figure 5 (d~f) were speculated from their 
morphology. Partially melted areas were observed on the edge of the particles, as 
characterized by porous structure and rounded pores. Due to significantly lower 
temperature in the edge zone caused by wall effect, some hematite ore retained the 
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original pattern (Figure 5e). The goethite particles kept the original morphology 
contour, but lot of cracks appeared in the matrix after dehydration reaction at relatively 
low temperatures (Figure 5f). Remarkably, quartz from goethite was difficult to melt at 
this sintering condition (Figures 10d and 10f).  
   
Figure 5. Micrographs of millipot sinter samples (a~c) taken from the centre of the core 
(H: hematite; M: magnetite; R: resin; P: pore); Microphotographs of millipot sinter 
sample (d~f) taken from the edge of the core (GO: goethitic ore; HO: hematite ore; SP: 
smelting phase; R: resin); The rectangle presents the zone which was further examined 
by EDS mapping (Figure 6).  
The element distribution by EDS mapping of the zone marked in Figure 5f was 
presented in Figure 6. The elemental composition of selected points by EDS analysis 
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was listed in Table 1. The edge of the particle facing the center of millipot shows 
melting phase which was slag mainly containing Ca and Si oxides with smaller 
fractions of Fe, Al and Mg according to the chemical composition at S1-S5 (Table 1). 
Next to the melted layer, the dehydrated goethite was not attached by CaO (S6-S8). 
The quartz cores were kept unreacted (S9-S11).  
 
Figure 6. The BSE image and elemental distribution by EDS mapping of the rectangle 
area in Figure 5(f). 
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Tablet 1. Elemental composition (at%) of points in Figure 6. 
Spectrum S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 
O 59.0 59.0 59.4 58.9 59.5 57.0 52.0 55.9 65.4 63.1 62.1 
Mg 0.55 0.57 0.31 0.29 0.35 0.00 0.34 0.00 0.00 0.00 0.00 
Al 3.69 4.00 1.24 1.00 1.01 0.00 0.00 0.00 0.00 0.00 0.00 
Si 14.9 14.9 16.1 18.6 18.0 1.43 6.66 3.82 33.8 32.7 36.8 
P 0.32 0.23 0.48 0.40 0.49 0.31 0.51 0.35 0.00 0.28 0.00 
S 0.00 0.11 0.00 0.13 0.16 0.17 0.28 0.29 0.11 0.00 0.00 
Ca 16.7 16.7 17.6 13.0 15.1 0.00 0.33 0.00 0.00 0.14 0.21 
Fe 4.88 4.53 4.96 7.70 5.41 41.1 39.93 39.7 0.73 3.83 0.83 
Total 100 100 100 100 100 100 100 100 100 100 100 
4. Application of Millipot 
The results demonstrate that the millipot can be operated to produce reasonable 
sintering conditions using feed prepared from plant materials. The sinter formed 
contained the expected mineral phases. Additional studies will quantify the phase 
proportion and microstructural distribution in comparison to plant sinter produced from 
the same blend.  
As with larger scale facilities, millipot enables data gathering and analysis of key 
sintering parameters such as: green bed bulk density, pre- and post-ignition flow rate, 
flame front speed, waste gas temperature and composition, and sintering temperature 
and pressure profile. Although the small scale precludes traditional bulk production 
plant orientated tests (e.g. tumble index, reduction-degradation index and reducibility 
index) on the produced sinter, non-traditional chemical and physical examinations such 
as post-reduction microstructure analysis and micro indentation hardness are being 
explored. By comparing the relationships between the sintering parameters, 
correlations between process parameters may be established. It is envisaged that the 
millipot in conjunction with novel physical and chemical analyses can provide small 
scale and cost effective process insights to compliment full scale production 
observations. 
5. Conclusions 
The use of a millipot sintering facility has been shown to be feasible for bench-scale 
investigation of the sintering process. The millipot operation is fast and low cost, as 
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well as bridging the gap between sintered tablets and larger scale pots or full plant 
scale such that it can potentially be used as a tool for designing larger scale 
experiments or sintering trials.  
At the small scale of the millipot, some experimental adjustments have to be made to 
achieve comparable full scale sintering conditions, including increasing the coke rate to 
offset high heat loss from the narrow column, and mechanical compaction due to the 
strong wall effect on granule packing. However, once these adjustments were made, 
the millipot achieved the target industrial sintering temperature and flame front speed. 
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To explore the feasibility of small-scale sintering pot testing, a ‘millipot’ facility 
(diameter of 53 mm and height of 400 mm) was established and used to examine the 
sintering performance of iron ores and other non-traditional ferrous materials. The 
sintering performance of a millipot was examined across a range of different 
operational conditions (coke rate and suction pressure) and compared with an industrial 
sinter strand operation. Tablet tests were also performed to assist in the design of the 
millipot experiments and identify conditions for achieving mineral composition similar 
to the industrial sinter. For the millipot experiments, the materials used need to be 
compacted to increase the bulk density, and a higher coke rate is required to 
compensate the high heat loss caused by wall effects. A higher suction pressure is also 
necessary to maintain an oxidizing atmosphere in the sinter bed. As expected, it was 
not possible to eliminate the wall effect, which results in more primary hematite at 
edges of the sintered column. However, the sintered material from the centre of column 
simulates industrial sinter reasonably well. As such, millipot provides a practical way 
to evaluate the sintering process and material performance at laboratory scale, helping 
to bridge the gap between tablet sintering and large scale pot sintering, or full scale 
plant trial. The results of millipot testing can be used for designing larger scale 
experiments or commercial sintering trials.  
KEY WORDS: sintering of iron ores, tablet testing, millipot, industrial sinter, mineral 




At present, sinter is the major ferrous burden material used in the blast furnace (BF) for 
the production of hot metal, which accounts for about 70% of the world’s steel 
production annually [1, 2]. However, with ever changing ore costs and specifications, 
steelmakers are increasingly motivated to use iron ore resources with a wider range of 
grades and mineral types previously considered unsuitable or uneconomical for 
sintering, as well as other iron-bearing materials such as plant by-products. This means 
that new issues requiring further investigation and understanding continue to arise, 
including the sintering of ore types with a) overall higher gangue content, b) elements 
that cause problems in the steel manufacturing operations, and c) distinctive sintering 
performance compared with traditional hematite-rich iron ores.  
Laboratory-based investigation of the sintering performance and the behaviour of the 
gangue components during sintering is an important step towards the successful 
utilization of these resources in steelmaking. In terms of laboratory-based sintering 
investigations, there are two generally accepted experimental scales utilized prior to 
industrial-scale trials being undertaken, viz. bench-scale tablet (compact) testing [3-6], 
and pilot-scale pot testing [2, 7-9]. The former has the advantages of flexibility and 
more precise control of sintering conditions, but does not simulate the heterogeneity of 
a sinter bed. The latter, which is carried out in pots with diameters between 
150~500 mm, simulates the industrial sintering process and conditions, producing 
product sinter suitable for standard testing regimes, but is time consuming and labor-
intensive. It is therefore desirable to develop a smaller scale pot testing facility, a 
“millipot”, which can still provide industrially relevant information.  
The properties of sinter from the millipot were investigated at different coke rates and 
compared with an industrial sinter obtained from the same green feed. Corresponding 
sintering conditions to generate similar mineral phases in tablet testing were also 
explored. The objectives were to develop a fundamental understanding of the 
microtextural characteristics at three scales (tablet, millipot and industrial) and to 
demonstrate the suitability and application of the millipot set-up to simulation of the 




2.1 Sintering Feed Materials 
As one of the objectives of the present work was to closely simulate industrial sintering 
conditions, green feed from the exit of the granulation drum at BlueScope’s Port 
Kembla Sinter Plant was used as the base feed for the millipot experiments. The 
components of the base green feed were (wet-wt%-green feed basis at a total free 
moisture content of 6%):  
 Iron ores (Ores 1 to 5): 45.7, 1.82, 1.51, 1.69 and 8.31 wt%, respectively.  
 Manganese ore, ferrous recycles, metallic recycles and returned fines: 0.34, 
4.70, 3.23 and 15.65 wt%, respectively.  
 Limestone and dolomite: 10.62 and 2.28 wt%, respectively.  
 Coke: 4.17 wt%.  
The mixed green feed was sampled and then stored in sealed plastic bags to prevent 
loss of moisture. To determine its particle size distribution, a sub-sample was dried and 
sieved, resulting in a distribution (wt%) of: +0-2mm 37%, +2-4mm 29%, +4-6.3mm 
19%, +6.3-8mm 6%, +8-10mm 4% and +10mm 5%. 
Due to the small diameter of the millipot, large particles have a disproportionate effect 
on the local sintering conditions [10]. To mitigate this, the feed was sieved with the 
+6.3 mm fraction being jaw crushed and recombined before manual regranulation in a 
laboratory drum to ensure the final green feed had a top size less than 6.3 mm. The 
indicative green feed composition was (wt% dry basis, including all components in the 
blend): total Fe 47.8 (1.76 FeO), SiO2 5.56, Al2O3 1.51, CaO 8.71, MgO 1.01 and 
carbon 3.99 yielding a basicity (CaO/SiO2 weight ratio) of 1.57. 
The coke rate is defined as follows: 
Coke rate (CR) =
𝑚(coke)
𝑚(green feed)
100%                                                                   (1) 
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where m(coke) denotes the mass of coke and m(green feed) the mass of green feed 
including coke, both on a dry basis. 
For tablet experiments, an equivalent blend comprising the ore and flux components 
(coke and recycles were not included) was sourced from the plant raw materials 
stockpiles, with each raw material component ground to < 200 µm. These materials 
were then mixed in the proportion corresponding to that of the industrial sinter plant 
and mixed thoroughly to ensure homogeneity.  
2.2 Sintering Equipment 
Figure 1(a) shows a schematic of the millipot: It consists of an insulated sinter tube 
(pot), air suction and waste gas treatment components, and a process monitoring and 
control system. The sintering tube is a stainless-steel column (53 mm internal diameter, 
490 mm high) surrounded by 50 mm of thermal insulation material. Six ports on the 
side of the column allow for insertion of thermocouples to monitor the sintering 
temperature, or connection with a differential pressure transducer for pressure drop 
measurement. Two extra ports are available at the bottom extended section (T7) for the 
measurement of off-gas temperature and the pressure drop across the sinter bed. The 
sintering process is initiated using an LPG burner located at the top of the millipot. The 
air suction system includes a water ring vacuum pump and a buffer container or 
windbox to stabilize the system suction pressure. The windbox is half filled with water 
so that the flue gas generated during sintering can be cooled and cleaned before passing 
through the suction pump. The suction pressure can be controlled using a bypass valve 
on the windbox providing additional dilution air, i.e. without flowing through the sinter 
pot.  
The process monitoring system measures the sintering temperature and pressure drop 
within the sinter pot. The temperatures at different locations of the sinter pot are 
monitored using bare Type K thermocouples connected to a Thermocouple C Series 
Module (Model NI 9212, National Instruments). Bare thermocouples were used to 
increase the sensitivity and accuracy of the measurement. The suction pressure is 
monitored using a differential pressure transducer (26PC series, Honeywell, supplied 
by RS Australia) with one side connected to port P and the other to ambient. All of the 
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temperature and pressure data are logged using a computer with LabVIEW software 
(version 2013.0.1, National Instruments). 
 
Figure 1. Schematics of laboratory sintering set-ups: (a) Millipot; (b) vertical electrical 
furnace (mm). 
The tablet sintering experiments were carried out using a vertical electric heating tube 
furnace as presented in Figure 1(b). Tablets were loaded into a steel wire basket and 
located in the furnace hot zone. The oxygen partial pressure was adjusted by mixing air 
and nitrogen, with flow rates controlled via mass flow controllers. The parameters of 
individual experiments are covered in the Results and Discussion section.  
2.3 Sintering Procedures  
For the millipot testing, the green feed was added to the stainless steel column in 
approximately 120g aliquots and compacted with a rod after each aliquot was added. 
Thermocouples were placed in the corresponding port as filling approached the level of 
each port. Sintering was initiated by adjusting suction pressure to 5.3 kPa and then 
placing the burner over the top of the bed for 90 s. The burner was then removed and 
the suction pressure increased to 10.6 kPa matching the pressure gradient used by Lu [2, 
11]. After the flame front had passed through the bed, suction was continued until the 
flue-gas temperature cooled to 80 °C, following which the pump was turned off and the 
sinter pot unloaded. Sintered lump products excluding the wall area were collected for 
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analysis. A more detailed procedure for the millipot operation is reported elsewhere 
[12]. 
Flame front speed (FFS) is an important operational parameter for sintering. In this 




                                                                   (2) 
It is calculated using the distance between ports 1 and 6 (bed height) divided by the 
time difference at which the peak temperatures were reached at the two ports (sintering 
time).   
For the tablet experiments, cylindrical tablets of 6 mm diameter and ~5 mm height 
were prepared. An equivalent tablet blend was prepared from individual ores and 
fluxes (without coke and recycles) in the normalised proportions present in the plant 
green feed. The tablet blend was ground in a ring mill to less than 200 µm and pressed 
at 48.8 MPa to form each tablet. The tablets were loaded into the reaction basket and 
placed at the top (cold) end of the furnace tube. The furnace was preheated to a desired 
temperature and flushed with the gas mixture (pO2 = 0.5 kPa) for at least 15 minutes; 
the basket was lowered to the hot zone and the tablet sintered for 4 minutes [6]. 
Adopting the methodology of Wang et al. [13], two cooling procedures were employed: 
a) directly lifting the basket to the cold end of the furnace tube and simultaneously 
switching the sintering gas atmosphere to ambient air; b) soaking at the sintering 
temperature or 1250 °C, whichever was lower, in air of 6 L/min for 3 minutes, then 
lifting the basket to the top end of the furnace tube. All the temperatures were pre-
calibrated by lowering a type R thermocouple into the empty hot zone of the furnace 
with the same gas flow.  
The overall oxygen partial pressure in the exhaust gas of a sinter strand is high. 
However, due to the non-uniform gas flow, and the progression of the flame front, the 
oxygen partial pressure in a sinter bed is dynamic and non-uniform over a large range 
(0-21%). In a local area where the gas flow is weak and oxygen is consumed by the 
combustion of coke, the oxygen partial pressure can be very low. In previous 
investigations it was shown that 0.5% O2 partial pressure was a representative value for 
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the formation of mineral phases during high temperature sintering, and was determined 
for tablet sintering conditions to produce similar overall microstructures. [5, 6] This O2 
partial pressure value was therefore used in this investigation in assessing mineral 
composition effect in tablet sintering. 
2.4 Characterization Methods 
The sintered tablets and lump sinter samples were mounted in epoxy resin in 
preparation for optical and SEM-EDS analysis. After curing, the surface was ground 
and polished to a 1 μm finish for optical microscopic observation (Leica DM6000 
Optical Microscope). The polished sample was then platinum coated and analyzed by 
scanning electron microscopy (JEOL JSM – 6490LV) operated at 15 kV.  
The mineral phase compositions of the industrial sinter samples were determined by 
point counting (Olympus Vannox optical microscope) and the millipot samples by 
image analysis. In both cases, the samples were crushed to less than 1.7 mm, and then 
32 g of representative samples were mounted in epoxy resin. After curing, the 
cylindrical samples were cut along the axial direction and polished to a 1 μm finish. 
Optical images for image analysis were taken by Leica DM6000 Optical Microscope 
and analyzed by Leica application Suite V4.0.  
3. Results and Discussion 
3.1 Industrial Sintering Conditions and Sinter Properties 
Sinter quality metrics such as reducibility and mechanical strength affect BF 
productivity – in turn, sinter quality is governed by its microstructure. Sinter 
microstructure requires characterization in terms of chemical composition, mineralogy, 
and morphology of the presenting phases.  
Figure 2 shows optical images of an industrial sinter sample of the same blend. During 
production of that sinter, the bulk density of green feed was 1770 kg/m
3
 and FFS was 
13.6 mm/minute. Silico-ferrites of calcium and aluminum, SFCA and SFCA-I, are 
typically the major and most desirable bonding phases because of their high 
reducibility and good mechanical strength [14-19]. Moreover, the SFCA phases are 
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considered the most important phases for producing high quality sinter at low 
temperatures and high productivity [20-23]. Secondary hematite and magnetite are the 
second group of major constituents in the bonding phases which are formed in more 
oxidizing or reducing atmospheres, respectively, and crystallized from the melt. 
Additionally, some relict regions (quartz and primary hematite derived from goethitic 
ore) retain their original contours and show a reaction halo with the surrounding melt, 
Figure 2e.  
 
Figure 2. Optical images of industrial sinter. Q: quartz; PH: primary hematite; SH: 
secondary hematite; M: magnetite; S: silicate; SFCA: platy shape of silico-ferrite of 
calcium and aluminum; SFCA-I: acicular shape of silico-ferrite of calcium and 
aluminum. 
Figure 2 shows that individual particles of the industrial sinter sample, and also 
different regions within those particles have distinct morphologies and mineral 
compositions. It is understood that the differences were caused by the changes of the 
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sintering conditions at different locations of the sintering bed due to local 
nonuniformity of the blend composition, loading density, gas flow, etc., which caused 
differences in the maximum temperatures reached and oxygen partial pressure at 
different locations. However, it was the general morphology and, specifically, the 
overall mineral phase composition of the industrial sinter that was targeted for the 
millipot sinter product.  
3.2 Sintering Performance of Millipot 
In this millpot study, the material being sintered was derived directly from sinter plant 
green feed, with adjustment of coke rate being made to achieve reasonably close 
correspondence of sintering conditions to those in the full-scale plant. The feed 
preparation and experimental procedures for the millipot were adjusted by comparison 
to the sintering performance of the industrial process, as summarized below. 
An initial set of experiments were carried out to investigate the effect of coke rate and 
determine an appropriate level for the millipot runs with no initial compaction of the 
green bed [12]. However, without compaction, the FFS was significantly higher than in 
the industrial sinter strand, 18~24 cf. ~14 mm/min, and approximately half of the 
sintered material was in the form of fines (<3.35mm), i.e. insufficient melting phase 
was formed to bond materials together. Furthermore, the bulk density of green feed 
without compaction was ~1650 kg/m
3
, which was lower than an optimum level of 
~1800 kg/m
3
 [2] - this resulted in a high sinter bed permeability and ultimately high 
FFS, high heat loss and low melt formation.  
To increase the density, uniformity and controllability of pot filling, and to decrease the 
FFS during sintering, a compaction rod with a 50 mm diameter disk (weight = 1327 g) 
at the base was used. The green feed was loaded into the column in 120 g increments 
(out of a total charge of 1750 g). After each 120 g increment, the compaction rod was 
gently placed on the surface, lifted 100 mm and then released. This process was 
repeated until the column was filled to the top giving an initial bed height of 400 mm. 
Figure 3 presents the relationship between the loaded weight and the bed height, and 
corresponding average bulk density at different loading heights. Using the compaction 
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rod, the bulk density of the sinter bed attained ~1880 kg/m
3
. There was a slight 
difference between the bottom and top of the bed and the trend was repeatable.  
 
Figure 3. The changes of the bed height and average bulk density with the loaded 
weight. The bed height lines overlap. 
The effect of coke rate on the sintering performance is presented in Table 1. With 
compaction, the average bulk density ranged between 1870-1880 kg/m
3
. The FFS at 
different coke rates was reasonably consistent, i.e. ~16 mm/minute. Except for the test 
with a low coke rate of 5.0%, all of the tests were well sintered, with less than 15% of 
fines smaller than 3.35 mm in the whole sinter product.  
Table 1. Effects of coke rate and suction pressure gradient on the sintering performance 





























1 5 5.3 13.3 10.6 26.5 1876 16.6 20.9 Fig. 4(a) 
2 6 5.3 13.3 10.6 26.5 1880 15.4 11.6 Fig. 4(b) 
3 7.4 5.3 13.3 10.6 26.5 1877 15.3 12.8 Fig. 4(c) 
4 8 5.3 13.3 10.6 26.5 1872 15.1 10.8 Fig. 4(d) 
5 6 5.6 14 11.5 28.8 1874 16.5 14.3 Fig. 4(e) 
Figure 4 presents the temperature profiles and the change of suction pressure during 
various sintering tests with different coke rates. It should be noted that these 
temperature profiles likely better reflect gas, rather than solid, temperatures. 
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Furthermore, the change in peak temperatures indicated was somewhat arbitrary 
depending on the solid composition and porosity surrounding the thermocouple tip. 
The peak temperature at the column centre was always high, increasing down the pot 
as sintering progressed, which is consistent with the industrial process and traditional 
sinter pot. The temperature measurement at the wall shows that thermal conditions 
were not sufficient to effectively sinter the ores.  
Figure 4 also shows that the suction pressure reduced with the progress of sintering, 
with a sharp transition after the flame front had passed through the bottom of the sinter 
bed. The gradual reduction in the suction pressure before the flame front passed 
through the whole bed reflects a reduction in flow resistance of the product sinter 
relative to the feed because of the removal of coke and moisture from the bed, and the 
coalescence and rearrangement of pores during sintering. Notably, the suction pressure 
at the end of sintering decreased from 7.2 kPa to 5 kPa (from 18.0 to 12.5 kPa/m) 
between the 5.0% and 8.0% coke rate experiments, which indicates the final 
permeability was higher as coke rate increased due to enhanced coalescence and higher 
resultant porosity.  
Table 1 also includes the result of a sintering test in which the suction pressures at the 
ignition and sintering stages were both increased in comparison with the reference 
conditions with coke rate at 6% (test 5). The suction pressure was increased to 5.6 and 
11.5 kPa (14.0 and 28.8 kPa/m) during ignition and sintering, respectively, in order to 
increase the oxygen potential. With similar starting bulk density, the increase in suction 
pressure caused an increase in FFS, with increased fines generation being observed 
compared to test 2. Despite the negative effect on the extent of sintering, increased 
suction pressure increased the air flow in the sintering bed, which is beneficial to 




Figure 4. Temperature and suction pressure profiles during millipot sintering under 
different coke rates. (a) Coke rate = 5.0%; T2:  wall temperature, and T3, T4, T6: 
centre temperatures; (b) Coke rate = 6.0%; T2: wall temperature, and T3, T5, T6: 
centre temperatures; (c) Coke rate = 7.4%; T1 - T6: centre temperatures; (d) Coke rate 
= 8.0%; T2: wall temperature, and T1, T3, T4, T6: centre temperatures; (e) Coke rate = 
6.0%; T2, T3: wall temperatures, and T4, T6: centre temperatures; increased suction 
pressure. T7: flue gas temperature in all plots. 
Figure 5 shows the coherent core of the sinter product from testing with 6% coke rate 
with increased suction pressure (test 5). In general, the core was well sintered except at 




Figure 5. Photographs of the sinter core from testing with 6% coke rate at increased 
suction pressures. (a) side view; (b) cross-section view. 
The sample presented in Figure 5 was mounted in epoxy resin and polished to observe 
its microstructure and mineral phases. Figure 6(a) presents a photomicrograph of the 
sinter cross-section of the core in Figure 5(a) after grinding and polishing which gives 
an overview of sintering performance across the millipot and the influence of wall 
effects. The most notable feature is that primary hematite is preferentially distributed 
near the edge of the cross-section due to low sintering temperatures near the wall. 
Figure 6 (d) shows a typical photomicrograph of the sinter cross-section taken from the 
centre of the core in Figure 5(a), and Figures 6 (e) and (f) are the magnified images of 
the areas marked on Figure 6(d). Overall, the area in Figure 6(d) was well sintered; the 
structure contains many round pores, indicating that the solid was partially melted 
during sintering. A large amount of magnetite was observed which was bonded by 
SFCA, as shown in Figures 6(e) and (f), due to the high temperature and low oxygen 
partial pressure atmosphere during the peak temperature period in the sintering process. 
In the sinter adjacent to large pores, secondary hematite and SFCA were observed. 
After the passage of the flame front, colder air passed through the already sintered bed 
on its way to the reaction zone, providing an oxidizing atmosphere during cooling. 
Needle-like larnite in glass was also observed in the lower part of Figure 6(e), 





Figure 6. Photomicrographs of the sinter core in Figure 5: (a) cross-section of the sinter 
core; (b), (c) the edge of the core at different section; (d) the centre section of the core; 
(e), (f) the rectangular areas as marked in (d). GO: goethitic ore; HO: hematite ore; L: 
larnite. 
Figures 6 (b) and (c) present the microphotographs of typical structures of particles 
around the edge of the sinter column. Remnant iron ore particles dominate which 
correspond to those observed macroscopically in Figure 5 (a). Limited assimilation of 
ore and flux particles occurred at the pot wall where heat losses are high. In Figure 6, 
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some unreacted flux and iron ore particles are present near the edge of the sinter 
column. Incomplete sintering also took place in some particles: their shapes were 
retained but pores and secondary hematite were formed during sintering. Classification 
of the semi-reacted particles in Figures 6 (b) and (c) was inferred based on 
morphological comparison to unsintered ore samples. Partially melted areas were 
observed on the edge of the particles, as characterized by porous structure and rounded 
pores. Due to the significantly lower temperature in the edge zone caused by wall 
effects, some hematite ore retained its original morphology (Figure 6(b)). The goethite 
particles mostly kept the original morphology, but many cracks appeared in the matrix 
due to the dehydration reaction at relatively low temperatures (Figure 6(c)).  
3.3 Sintering Conditions by Tablet Testing 
To better understand the sintering process, tablet experiments were conducted under 
various temperatures with different quench methods. To determine the temperatures 
achieved, a tablet was prepared with a type R thermocouple placed at its center. The 
tablet was then inserted into a furnace at 1300 °C and allowed to reach a constant 
temperature before it was moved to the top end of furnace tube and cooled to room 
temperature (Figure 7). The tablet temperature increased sharply when it was heated in 
the furnace, approaching the furnace temperature within a minute. The peak heating 
rate was 88.5 °C/s which compares to 33.6 °C/s (average of the temperature rising rates 
from thermocouples T1 to T4 (except located at the wall) for millipot experiments 1-4). 
The temperature of the tablet reached 1280 °C and 1288 °C after 1 and 1.4 minutes and 
plateaued at 1291 °C after 2.1 minutes. The temperature change during quenching was 
also very fast, decreasing to below 1000 °C in seconds. The peak cooling rate was 
63.2 °C/s which compares to 20.9 °C/s (average of T1 to T6 thermocouple rates for 




Figure 7. The temperature profile of a tablet of 6 mm in diameter heated in a furnace at 
1300 °C and then quenched in air at room temperature.  
Sintering at 1250 °C for 4 minutes and then quenching formed a large amount of SFCA 
and SFCA-I (Figure 8). However, significant melting was not observed and a 
significant fraction of primary hematite was retained. With increasing sintering 
temperature, pore coalescence was more apparent due to increased melting as indicated 
by the formation of large round pores. The amounts of hematite, SFCA and SFCA-I 
also decreased with increasing sintering temperature. As in Figure 8, at 1325 and 
1350 °C, the amounts of hematite and SFCAs were minimal, as hematite was not stable 
throughout the temperature range of the tests in the atmosphere with 0.5% O2 [13]. 
The decomposition of hematite to magnetite as well as oxidation of magnetite would 
occur at different temperatures and atmospheres:  
6𝐹𝑒2𝑂3 ⇄ 4𝐹𝑒3𝑂4 + 𝑂2    (1) 
 Thermodynamic calculation using FACTSage shows that, in the atmosphere with 0.5% 
O2 and 99.5% inert gas. the decomposition happens above 1235 °C, which implies the 
decomposition of hematite could occur in all tablet tests of Figure 8. Under these 
conditions, oxygen released during hematite decomposition diffused through the tablet, 
forming an oxygen partial pressure gradient. As a result, the hematite close to the edge 
of the tablet decomposed faster than that at the centre. This is consistent with the 
observation that the remaining hematite was present internally within the tablets 
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sintered at temperatures up to 1300 °C. Above this temperature, no residual hematite 
was observed; only a very small amount of secondary hematite was observable at the 
very surface, formed by oxidation of the magnetite during fast cooling in air. 
 
Figure 8. Photomicrographs of the tablets sintered at different temperatures in the 
atmosphere with 0.5% O2 for 4 minutes and then directly quenched in air at room 
temperature. 
From Figure 9, the addition of a 3-minute soaking stage after sintering for 4 minutes 
mostly affected the amount of hematite in the tablets. The overall appearance of the 
tablets was not obviously changed, although an increase of the proportion of large 
pores cannot be excluded. At 1250 °C, three minute holding in air increased the amount 
of hematite throughout the tablets. The increased amount of hematite was attributed to 
the re-oxidation of magnetite during soaking in air, which was predicted by FACTSage 
to take place below 1383 °C in air. At 1300 °C, additional hematite was only present at 
the edge of the tablet. It is also noted that the small fraction of hematite present at the 
centre of the tablet in Figure 8 at 1300 °C practically disappeared during the cooling in 
air (Figure 9). No obvious formation of hematite was detectable in the tablets sintered 
at higher temperatures 1325 and 1350°C. It is speculated that the lack of formation of 
secondary hematite was due to multiple factors, including formation of molten phase 
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and gradual replacement of the relatively reducing gas by air in the furnace tube. 
Furthermore, the magnetite in the molten solution had a lower activity and hence was 
more stable, while in the early stage of cooling the atmosphere was less oxidizing 
compared with air. 
 
Figure 9. Photomicrographs of the tablets sintered at different temperatures in the 
atmosphere with 0.5% O2 for 4 minutes followed by holding in air at the lower of the 
sintering temperature or 1250 °C for 3 minutes.  
During the soaking stage in air, oxygen diffused towards the interior of the tablets. It 
seems that only the external layer was affected by the oxidation of magnetite at 
1300 °C. The lack of oxidation in the tablets sintered at temperatures above 1300 °C 
and then cooled in air is attributed to the melting of the fine particles constituting the 
tablets which enclosed the internal pores and suppressed the diffusion of O2 into the 
tablets. The magnified image of the tablet edge (Figure 9) shows that the matrix of the 
tablets sintered at high temperatures was dense and impermeable, and hematite existed 
as a very thin layer at the periphery. The tablet sintered at 1275°C in 0.5% O2 
atmosphere for 4 minutes followed by holding in air for 3 additional minutes has the 
most similar microstructure to the sinter products from the millipot and industrial sinter 
plant when comparing the morphology and mineral phase composition. 
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3.4 Comparison of the Mineral Compositions of Tablet, Millipot and Industrial 
Sinters 
The mineral phase compositions of the sintered tablets, millipot and industrial sinter 
products obtained by image analysis are summarized in Figure 10. The figure also 
includes the results for industrial sinter via the point counting method. In reflectance 
based image analysis, glass cannot be distinguished from pores, so the glass content 
was not quantified, and the total fractions of hematite, magnetite and SFCA were 
normalized to 100%. Further, only the combined amount of SFCA and SFCA-I was 
obtained, as the reflectance of these two phases is essentially the same, preventing 
separate determination via image analysis.  
 
Figure 10. Comparison of sinter mineral phase compositions under different sintering 
conditions (tablets, millipot and industrial). T indicates Tablet experiment at 
temperature and + indicates three minutes holding in air at 1250 °C during the cooling 
stage; M indicates Millipot run at CR (coke rate) and # indicates pressure gradient 
increased to 14.0 kPa/m in ignition and 28.8 kPa/m in sintering process; Ind indicates 
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For the industrial sinter, 37% hematite, 39% magnetite, and 23% SFCA was 
determined by image analysis, which is the closest to the millipot sinter produced with 
6% coke rate and increased suction pressure (viz. 35% hematite, 40% magnetite and 25% 
SFCA). For the millipot sinter with 6% coke rate but without the increase in suction 
pressure, both hematite and SFCA were lower. An increase in the pressure gradient in 
the millipot operation caused an increase in the oxygen partial pressure in the sinter bed, 
which made the mineral composition of the sinter closer to that of industrial sinter. 
Increasing the coke rate above 6% generated sinter products with more magnetite.  
The sinter samples from the tablet experiments changed in mineral composition with 
the change in sintering temperature and cooling procedure, as demonstrated by the 
optical images. The tablets consisted of finely ground and uniformly mixed blends of 
iron ores and fluxes, so the conditions for assimilation reactions between different 
constituents were more favourable than in the millipot or industrial sintering process. 
This helps explain the occurrence of sintering reactions at 1250°C or even lower 
temperatures when the particles remained in the solid state [1, 24]. With increasing 
temperature, the amount of magnetite increased steadily, while that of hematite and 
SFCA decreased. Especially at temperatures above 1300°C, magnetite accounted for 
most of the tablets.  
Notably, a soaking stage in air at elevated temperatures prior to final cooling improved 
the comparability of the tablet to the mineral content in the industrial and pot sintering 
processes. Addition of the intermediate cooling stage increased the amounts of 
hematite and SFCA, especially at lower temperatures. Both SFCA and hematite 
contents reached the maxima (~40%) under the “T-1250°C+” condition; at this 
temperature conversion of hematite to magnetite is low and the high hematite content 
favoured the formation of SFCA, because of low reduction driving force [2, 16, 25]. In 
the tablet sintered at 1275°C, the increased temperature caused more reduction and 
formation of melting phase. Reoxidation and recrystallisation during the intermediate 
soaking stage generated a similar mineral composition and structure to that of industrial 




Figure 11. Comparison of three sintering scales: (a) industrial; (b) millipot under M-
CR6%#; (c) tablet under T-1275 °C+. 
Overall, the microstructure and mineral phase composition of the industrial sinter were 
most like the sintered tablet “T-1275°C+” and millipot sinter with industrially 
comparable bulk density, 6% coke rate and increased suction pressure. In millipot, 
compaction not only increases the overall bulk density, but also improves uniformity 
across the column diameter, reducing peripheral gas flow minimizing the wall affected 
zone. The pressure gradient and hence overall gas flowrate were increased to achieve 
comparable flame front speeds. With a higher coke rate offsetting heat losses to the 
wall and increased waste gas volume to to regain target centerline temperatures. The 
similar microstructure and phase composition achieved indicate that the gas 
atmosphere in the analyzed central portion was similar to that in the industrial sinter.  
Overall, based on the results in this study, the millipot sinter, except the near-wall 
product, can represent industrial sinter, which bridges the gap between sintered tablets 
and larger scale pots or full plant scale. The millipot can therefore be used as a tool for 
designing larger scale experiments or sintering trials. 
4. Conclusions 
To determine the feasibility of small-scale pot testing, a ‘millipot’ facility was 
established to examine the sintering performance of iron ores and other non-traditional 
ferrous materials. Three sinter processing methods, viz. tablet, millipot and industrial 
sinter plant, were evaluated and sinter products compared using the same blend. The 
major findings are summarized as follows: 
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1) For the millipot, some experimental adjustments have to be made to achieve 
conditions comparable to full scale sintering, including:  
a. mechanical compaction, to increase bulk density of the sinter bed, which 
decreases the flame front speed (FFS) and the wall effect;  
b. coke rate increase, to offset high heat loss from the small diameter 
column; and 
c. suction pressure increase, to adjust the oxidizing atmosphere during 
sintering. 
With these adjustments, the millipot achieved sintering conditions in a similar range 
to the industrial process (density of sinter bed, temperature, and FFS), and a sinter 
product with similar microstructure and mineral composition. It was not possible to 
fully eliminate the wall effect in the small diameter millipot set-up.  
2) Based on a comparison of microstructure and mineral composition of the sinter 
products produced:  
a. a tablet sintered at 1275 °C with 0.5% O2 for 4 minutes, followed by 
further sintering in air for 3 minutes; and 
b. a millipot sinter produced with coke rate 6%, suction pressure 14.0 
kPa/m during ignition and 28.8 kPa/m during sintering 
were most similar to the industrial sinter investigated. 
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The interaction between the mineral phases in two commercial iron ores and flux 
materials (CaO, MgO, SiO2 and Al2O3) was studied under 0.5 kPa O2 partial pressure 
while heating to different temperatures. CaO was the most effective flux for liquid 
phase generation during sintering. For a hematite ore with few other phases (Ore A), 
the formation of an initial liquid phase commenced at ~1275 °C, with the liquid phase 
content increasing dramatically with increasing temperature to 1300 °C. For a goethite 
containing hematite ore (Ore B), the formation of an initial liquid phase through 
interaction between goethite and CaO was observed when heating to 1225 °C, with the 
majority of goethite transformed into liquid phase at 1250 °C.  The porous morphology 
of sintered goethite and finely distributed quartz bring about a high reactivity with CaO. 
The initial liquid phase penetrated into the pores within the hematite matrix, promoting 
the assimilation of the hematite phase. With the temperature increasing to 1300 °C, all 
hematite in Ore B was melted. In comparison, the hematite/martite phase in Ore B was 
much easier to assimilate than that in Ore A due to the presence of goethite. MgO 
diffused into hematite ore grains by solid state diffusion and formed a solid solution 
(Fe, Mg)O∙Fe2O3 without the formation of a liquid phase. The product layer of MgO 
diffusion into hematite was limited to approx. 60 μm thickness at 1300 °C. The porous 
morphology and a small amount of impurities in goethite facilitated MgO diffusion into 
the goethite layer. However, the cavities and cracks caused by dehydration of the 
goethite phase significantly restricted solid phase diffusion of Mg
2+
. There was no 
observed interaction between Al2O3 and SiO2 with Ores A and B, when heating up to 
1300 °C. 




As a consequence of eroding profitability, the steel industry has progressively moved 
towards using cheaper iron ores. These ores have mineralogy that may be relatively 
simple but the textures are often complex and can negatively influence the performance 
of ironmaking processes, particularly the sinter plant and blast furnace [1-3]. For this 
reason, many ironmakers blend these ores with higher quality ores such as hematite.  
Hematite ores may be classified into two main types: microplaty hematite and 
hematite-goethite [4]. In this investigation, two different hematite ores, Ores A and Ore 
B, were studied.  Ore A is a premium, martite-microplaty hematite, while Ore B 
consists of a stratiform distribution of martite and goethite [4, 5]. Whilst the 
characteristics of these hematite ores have been previously described [4], no 
information on the evolution of new mineral phases from the interaction between the 
mineral phases of iron ores and fluxing materials under sintering conditions has been 
reported in the literature.  
Normally, prior to a new blend being used in the sinter plant, bench- or pilot-scale 
sintering tests are undertaken [6-8]. For bench-scale experiments, ores and fluxes are 
ground into powder, mixed together according to an industrial recipe and pressed into 
tablets. These tablets are then placed into a furnace at fixed temperature and gaseous 
atmosphere [9-14]. Whilst accurate control of temperature and gaseous atmosphere is 
achieved in these experiments, a disadvantage is that the effects of particle size and 
heterogeneity of the blend are neglected. For pilot-scale experiments, the industrial 
sintering process can be simulated reasonably well. However, both bench- and pilot-
scale techniques focus on the properties of the final sinter product, and the interaction 
of ore mineral phases with fluxing materials is rarely considered.  
In this study a novel experimental design was used wherein tablets comprised of cube-
shaped samples of iron ore surrounded by fluxing material were first sintered, followed 
by a detailed examination of the reaction interfaces of different mineral phases in the 
ore and flux material. This investigation fills a knowledge gap concerning the 
interaction between the mineral phases of representative hematite ores, and flux 
materials (CaO, MgO, Al2O3, and SiO2). A better understanding of the performance of 
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ore mineral phases is developed, which is helpful for the overall improvement of 
blending and sinter plant operations in general.  
2. Experimental 
2.1 Materials  
The iron ores used in this investigation were supplied by BlueScope Steel. Table 1 
shows the chemical compositions of the two ores, Ore A and Ore B. The fluxes used, 
CaO, MgO, SiO2 and Al2O3, were chemical reagents provided by Sigma-Aldrich 
Australia with impurity content lower than 0.01%. The fluxing materials were 
generally nano-sized powders. CaO was the coarsest powder in all fluxes (particle 
diameter 98% < 160 nm). CaO was calcined at 1000 °C for 12 hours before use. 
Table 1. Chemical composition of the hematite ores, wt%. 
Ore Fe Al2O3 SiO2 P S LOI 
A 65.52 0.98 1.43 0.04 0.006 1.92 
B 63.15 1.41 3.44 0.082 0.018 4.42 
2.2 Sample Preparation 
Cube-shaped samples of iron ore surrounded by flux material were sintered and used to 
investigate the interactions of individual mineral phases with fluxes at the interface 
(Figure 1). A lump of iron ore was cut and polished to form a cube (~8mm sides). The 
specific cube contains the aimed mineral phases and reduces the effect of the unrelated 
mineral phases on the interaction during sintering. The cube was centrally placed at the 
bottom of a die of 16 mm diameter, which was filled with flux powder. A pressure of 
25 MPa was applied to form a tablet of 16 mm diameter and ~16 mm high (Figure 
1(a)). The pressure used aims to ensure intimate contact between the iron ore cube and 





Figure 1. Schematics of (a) a tablet, and (b) a vertical electrical furnace setup used for 
interaction experiments. 
2.3 Sintering Procedure  
Sintering was carried out in a vertical electric heating tube furnace - the setup is 
schematically presented in Figure 1(b). A sintering atmosphere of 0.5 kPa O2 partial 
pressure was maintained by mixing air and nitrogen, with a total gas flow rate of 1 
l/min controlled via mass flow controllers. The experiments were carried out at 
atmospheric pressure. A tablet was loaded into a steel wire basket and located in the 
furnace hot zone (“sintering zone” in Figure 1(b)). After the set sintering time was 
reached, the sample was taken out of furnace and cooled in air. 
The sintering time required to heat each sample to the required temperature was 
determined according to the temperature profile curves of tablets (Figure 2). These 
temperature profiles were obtained by pressing the tip of a thermocouple (type R) into 
the centre of a tablet. The tablet was placed in the hot zone at the set temperature 
1300 °C, with the tablet temperature recorded using a computer with LabVIEW 
software. Figure 2 also demonstrates the repeatability of this method for temperature 
measurement of two tablets. The heating time of the interaction experiments to reach 
the set temperature was determined from the temperature profile. The times (in s) 
needed to heat a sample to 1200, 1225, 1250, 1275 and 1300 °C were 122, 134, 156, 
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194 and 300, respectively. A representative temperature profile of a sample heated to 
1250 °C is shown in Figure 2. 
 
Figure 2. Temperature profiles of tablets loaded into the furnace set to a final 
temperature of 1300 °C. 
It is worth noting that the tablet experiments were not conducted at all the temperatures 
noted above, since some of flux material did not interact with ore particles at 1300 °C.  
For CaO, the full range was used (i.e. 1200-1300 °C), while for MgO the minimum 
temperature was 1250 °C (through to 1300 °C).  For Al2O3 and SiO2, only 1300 °C was 
used. 
2.4 Characterization Methods 
The sintered tablets were mounted in epoxy resin in preparation for optical and SEM-
EDS analysis. After curing, the surface was ground and washed with anhydrous ethanol, 
then polished to a 1 μm finish for optical microscopic observation (Leica DM6000 
Optical Microscope). The polished samples were platinum coated and analyzed by 
scanning electron microscopy (JEOL JSM – 6490LV) operated at 20 kV. 
It was challenging to identify the presenting state of some mineral phases and the 
interaction process at the high sintering temperatures. Information on the morphology, 
homogeneity of the chemical composition, whether the chemical composition matches 
a compound, and the melting behaviour of possible phases according to phase diagram, 
was all comprehensively considered.  
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3. Results and Discussion 
3.1 Interaction between Hematite Phase in Ore A and Fluxing Materials 
3.1.1 Hematite vs CaO 
Figure 3 shows the optical microscopic (OM) images of representative Ore A-CaO 
tablets after sintering to different temperatures. This figure shows that at higher 
temperatures (e.g. 1250 °C), gaps were observed between the ore and CaO on some 
sides.  This is likely due to the shrinkage of CaO. However, contact between ore and 
CaO remained at least on the two interfaces of the cubes (Figure 3). Similar shrinkage 
behaviour was also observed using the other fluxes.  
In Figure 3, no changes on contact interfaces were observed for the sample heated to 
1250 °C, while a reacted layer was observed between the ore and CaO for the sample 
heated to 1275 °C (Figure 3, area (b)). when heated to 1300 °C, the majority of the ore 
was melted, with only a small mass of unreacted ore remaining – this is likely to be due 
to the separation between ore and CaO. The evolution of mineral phases during the 
interaction was further investigated by SEM analysis  for areas (a)-(d) in Figure 3. 
  
Figure 3. Photomicrographs of Ore A-CaO tablet heated to 1250, 1275 and 1300 °C. 
Figure 4 shows the back-scattered electron (BSE) image and energy-dispersive 
spectroscopic (EDS) mapping of area (a) marked in Figure 3. The BSE image shows 
that fine ore particles were retained on the cube edge. These particles were the most 
reactive during interaction. Their presence in the sintered sample indicates that melting 







1250 °C was confirmed by the chemical composition (Table 2) of the sites marked in 
Figure 4. For example, Site 4, which is close to the edge of the ore particle, had a 
similar composition to those within the ore particle (Sites 1-3). In Table 2 (and latter 
tables), the contents of some elements such as Al, Si and Ca were low and the data are 
indicative.  
 
Figure 4. BSE image and EDS mapping of area (a) in Figure 3. 
Table 2. Elemental composition (at%) at the sites marked in Figure 4. 
Site 1 2 3 4 
O 64.8 65.3 61.4 64.7 
Al 0.07 0.10 0.19 0.10 
Si 0.05 0.03 0.03 0.04 
Ca 0.05 0.13 0.15 0.30 
Fe 35.0 34.5 38.2 34.8 
Total 100 100 100 100 
At 1275 °C, a small amount of liquid phase was generated at the interface between ore 
and CaO. Figure 5 shows the photomicrograph, BSE and EDS mapping of area (b) in 
the sample heated to 1275 °C in Figure 3. Although anhydrous ethanol was used in the 
preparation of the samples, some of the CaO powder was removed from the CaO zone. 
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As a result, the CaO in the sintered sample is shown as overlapping with carbon and Ca 
(Figure 5). Two layers of reaction products can be observed between the ore and 
unreacted CaO, with thicknesses of ~ 250 μm and 20 μm, respectively. The thin layer 
of reaction product, marked as “initial liquid phase” in Figure 5, was easier to observe 
in the optical image and the mapping of Ca distribution. The thick layer, marked as 
“C2F” in Figure 5, is considered to be a reaction product of penetration of initial liquid 
phase into the original CaO layer. 
  
Figure 5. Optical and BSE images and EDS mapping of C, Fe and Ca distributions of 
area (b) in Figure 3.  
To better understand the interaction between the ore and CaO, the area marked as b’ in 
Figure 5 was examined under higher magnification. The corresponding BSE image and 
Ca and Fe distributions by EDS mapping are presented in Figure 6(a). Three layers 
may be distinguished in area b’, as evidenced, for example, in the Ca distribution map. 
Some pores are also observed in the right hand side layer, in which two phases with 
slightly different brightness were presented. The compositions of the three layers were 
identified by the EDS analysis of the sites marked in Figure 6(a), and the results are 
presented in Table 3. The distributions of Fe and Ca along the line in Figure 6(a) are 
presented in Figure 6(b). To facilitate the assessment of chemical compositions of the 
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mineral phases (i.e. aid in phase identification), two parameters R and C(Fe2O3), are 
introduced and included in Table 3 and Figure 6(b). These are defined by Eqs. 1 and 2. 
 
  
Figure 6. (a) BSE image and EDS mapping of area b’ in Figure 5; (b) the distributions 














      (2) 
where n(i) is the molar fraction of species i. R takes a value of 0.5, 1 and 2 for CF2 
(CaO·(Fe2O3)2), CF (CaO·Fe2O3) and C2F ((CaO)2·Fe2O3), respectively. C(Fe2O3) is 
the molar fraction of Fe2O3 which helps identify the position of components in a Fe2O3-
CaO phase diagram.  
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Table 3. Elemental composition (at%) and corresponding phases at the sites marked in 
Figure 6(a). 
Site 1 2 3 4 5 6 7 
O 62.9 63.1 61.1 62.9 61.5 61.7 63.0 
Al 0.02 0.05 0.10 0.10 0.14 0.07 0.17 
Si 0.06 0.05 0.00 0.03 0.07 0.00 0.40 
Ca 11.9 19.7 17.4 10.0 14.2 0.39 20.6 
Fe 25.1 17.0 21.4 27.0 24.1 37.8 15.8 
Total 100 100 100 100 100 100 100 
R 0.95 2.32 1.62 0.74 1.17 0.02 2.61 
C(Fe2O3) 0.51 0.30 0.38 0.57 0.46 0.98 0.28 
From Figure 6(b), for the thin middle layer of ~ 20 μm, even though R changes 
gradually, in general it is close to 0.5, corresponding to the composition for CF2. EDS 
analysis of Sites 4 and 5 within this layer give similar compositions. The part of the 
EDS line scan within the right hand side layer shows two sections with R equal to 1.5 
and 2, respectively, with the latter corresponding to CF2. Sites 1, 2 and 3 located in the 
right hand side layer were analysed by EDS. Site 1, which is located in the slightly 
brighter phase, had a composition corresponding to CF. Site 2 had a CaO content 
greater than C2F. Site 3 had a composition between CF and C2F. In the iron ore layer, 
at the left hand side in Figure 6(b), the Ca content gradually decreased with distance 
into the particle, as a result of solid state diffusion of CaO into the ore. The transfer of 
CaO into the interior of the ore particle means that Ca
2+
 ions have higher mobility than 
Fe
3+
, as supported by previous research findings [9]. 
Figure 7 shows the phase diagram of the CaO – Fe2O3 system under 0.5 kPa O2 in the 
gas phase, calculated using Factsage 7.0. The lowest temperature of liquid phase 
formation in the system is at the eutectic temperature, between CF and CF2, i.e. 
1208 °C (point M).  It should be noted that since there was almost no liquid phase 
formed during the experiment at 1250 °C (Figure 3), the heating time may have been 
too short for reaction between CaO and Ore A. However, at 1275 °C, the thin middle 
layer of ~ 20 μm (Figure 6(b)) and the major components in the right hand side layer 
were in a liquid state.  
This indicates that an initial liquid phase (ILP), as represented by the thin middle layer, 
was generated at the interface between the iron ore and CaO. The liquid phase 
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penetrated into the CaO layer via the voids among fine CaO particles, and CaO started 
to dissolve into the liquid phase. When the dissolution of CaO reached saturation, solid 
C2F was formed. Simultaneously, under a concentration gradient, CaO diffused to the 
iron ore interface through the liquid, reacting with the ore to form more liquid. The 
product layer of ~ 250 μm thickness is likely to have formed as a result of the CaO 
layer being penetrated by the initial liquid phase. After cooling, it contained unreacted 
CaO, C2F and a solidified liquid phase. As already noted, the unreacted CaO exposed 
at the surface was lost during sample preparation, forming the pores observed in Figure 
6(a). Some local sites in the liquid phase, such as Site 2 in Figure 6(a) had R values 
greater than 2, most likely due to suspended CaO particles.  
 
Figure 7. Fe2O3-CaO phase diagram at 0.5 kPa O2 as calculated by Factsage 7.0.  
Figure 8(a) shows the BSE image and EDS mapping of C, Fe and Ca distributions in 
area (c) in Figure 3. As shown in Figure 8(a), three different layers were observed at 
the interface of the sample heated to 1300 °C, similar to phase evolution for the sample 
heated to 1275 °C (Figures 5 and 6). More pores were observed in the right hand side 
layer due to the loss of unreacted CaO powder. The large pores were also observed at 
the interface because the liquid phase penetrated into fine pores and the fine pores 
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between reacted CaO particles and in ore body accumulated under the effect of liquid 
surface tension. 
 
Figure 8. (a) BSE image and EDS mapping of C, Fe and Ca in area (c) in Figure 3; (b) 
higher magnification of BSE image of area (c’) in (a); (c) BSE image of area (d) in 
Figure 3. 
The results of EDS analysis on the local sites marked in Figure 8 are shown in Table 4. 
Site 4 located in the middle layer had a composition close to that of the liquidus line in 
equilibrium with C2F at 1300 °C (Figure 7). The liquid composition was likely to be 
time-dependent during sintering, determined by the supply of CaO through diffusion 
and its dilution by dissolving more iron oxides from ore particle. Within the residual 
ore particle, although it contained little CaO (Sites 1 and 2), some discontinuous bands 
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containing Ca can be observed in the Ca distribution mapping. These bands were 
formed by the penetration of liquid phase into the ore particle through pores and the 
formation of CF2 via the reaction of the liquid with ore (composition in zone (g) in 
Fe2O3-CaO phase diagram, Figure 7). The discontinuity of the bands is likely to be as a 
result of the inherent pore structure. Site 5 in the right hand side layer, i.e. the original 
CaO layer with penetrating liquid phase, shows a composition rich in unreacted CaO. 
Site 6 shows the liquid phase penetrating into CaO.  
Table 4. Elemental composition (at%) at the sites marked in Figure 8. 
Site 1 2 3 4 5 6 C1 C2 C3 C4 D1 D2 D3 D4 D5 
O 61.7 61.3 59.6 60.5 62.2 61.1 60.7 60.1 58.8 59.6 63.0 61.9 63.9 60.9 61.0 
Al 0.08 0.14 0.17 0.04 0.28 0.08 0.1 0.08 0.07 0.11 0.17 0.07 0.05 0.07 0.10 
Si 0.11 0.01 0.05 0.04 0.29 0.00 0.05 0.03 0.06 0.10 0.40 0.11 0.01 0.11 0.09 
Ca 0.00 0.03 6.58 12.6 23.3 13.6 10.4 10.4 20.0 20.1 20.6 19.1 8.30 19.9 19.8 
Fe 38.1 38.5 33.6 26.9 14.0 25.3 28.7 29.3 21.1 20.1 15.8 18.8 27.7 19.1 19.0 
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
R 0.00 0.00 0.39 0.94 3.33 1.07 0.73 0.71 1.90 2.01 2.61 2.04 0.60 2.08 2.08 
C(Fe2O3) 1.00 1.00 0.72 0.52 0.23 0.48 0.58 0.58 0.34 0.33 0.28 0.33 0.63 0.32 0.32 
Figure 8(b) shows the BSE image of area (c’) in Figure 8(a) at higher magnification. It 
includes unreacted CaO, C2F crystals (Sites C3 and C4, precipitated from liquid phase) 
and glass phase (Sites C1 and C2) from quenched liquid. Figure 8(c) shows the 
magnified BSE image of area (d) in Figure 3 from the sample heated to 1300 °C which 
was well away from the ore-CaO interface. Both the morphological structure and 
mineral composition were similar to those of area (c’) in Figure 8(b). It included 
crystallized C2F (darker areas shown as Sites D2, D4, and D5) precipitated from liquid 
phase (glass phase after quenching, Site D3) and enclosed CaO clusters (Site D1). 
Based on the previous analysis and discussion, the interaction mechanism between the 
hematite phase in Ore A and CaO flux is summarized in Figure 9. The interaction 




Figure 9. Schematic of interaction between Ore A and CaO during sintering. 
1) The interaction between the hematite phase and CaO is relatively minor at low 
temperatures (<1225 °C). There was insignificant diffusion of CaO into the ore particle, 
with no liquid phase formation observed at 1250 °C.  
2) With increasing temperature, an initial liquid phase (R= ~ 0.74, C(Fe2O3) = ~ 0.58) 
is generated and penetrates into the CaO layer and ore particle via pores. Due to the 
fine powder nature of CaO, penetration velocity of the initial liquid layer into CaO is 
much faster than that into the ore particle.  
3) CaO diffuses via the liquid phase from the CaO layer into the layer of initial liquid 
phase. The hematite ore dissolves into the initial liquid phase. This provides more 
liquid phase to penetrate into the CaO layer and ore particle. Simultaneously, C2F 
forms from the reaction of CaO and the penetrated liquid, and CF2 forms from the 
reaction between this liquid and internal ore body. Time permitting, the process 
proceeds until either CaO or the ore is consumed. 
3.1.2 Hematite vs MgO 
The interaction between ore phase and MgO was investigated at 1250, 1275 and 
1300 °C, and the results showed little interaction at lower temperatures under 1300 °C. 
Figure 10 shows the EDS line scan of the Fe and Mg contents across two Ore A 
particles surrounded by MgO in a sample heated up to 1300 °C. The EDS image does 
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not show any sign of liquid phase generation. Instead, there were stripes of some 
reacting product from the surface of the ore particles. The Fe and Mg distributions 




 into ore 
particles was approx. 60 μm. Within approx. 10 to 20 μm from the interfaces, the 
Mg/Fe molar ratio was close to 1/3, which decreased with the increase of the distance 
from the interface. Some dark stripes were observed in both ore particles. These data 
illustrate that solid solution (Fe, Mg)O∙Fe2O3 was formed due to the interaction 





 ions could be exchanged since Fe3O4 and MgO∙Fe2O3 have the same 
spinel structure. [15] Overall, there was limited interaction between the hematite ore, 
Ore A, and MgO due to lack of formation of a liquid phase. Therefore, it is anticipated 
that MgO takes a negligible role during sintering, considering its low concentration in 
the sinter blend. The lack of liquid phase formation is consistent with the phase 
diagram between the two components. [16]  
 
Figure 10. Fe, Mg and Ca distributions by a line scan across two Ore A particles with 
filled MgO heated to 1300 °C. 
3.1.3 Hematite vs SiO2 and Al2O3 
Figure 11 (a) and (b) show the BSE images and EDS mapping of areas of Ore A 
contacting with SiO2 and Al2O3, respectively, after heating up to 1300 °C. No liquid 
phase formation was observed, with solid state diffusion limited to ~5 μm from the 
interface. The formation of a solid product layer between Fe2O3 and SiO2 and between 
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Fe2O3 and Al2O3 was confirmed by the site EDS analysis (Table 5). According to the 
binary phase diagrams [16], Fe2O3 and SiO2 could form a liquid phase above 1177 °C 
only in a strong reducing atmosphere when Fe2O3 is reduced to FeO. A liquid phase 
between Fe3O4 and SiO2 could not form below 1455 °C in air. Fe2O3 and Al2O3 could 
form solid solutions with different compositions; according to the phase diagram, 
liquid phase formation seems impossible at 1300 °C [16]. Therefore, according to the 
current experimental observations, SiO2 and Al2O3 do not appear to play a significant 
role in initiation and formation of a liquid phase. 
 
Figure 11. BSE images and EDS mapping of element distributions of (a) Ore A 
particle-SiO2 pair and (b) Ore A-Al2O3 pair heated to 1300 °C. 
Table 5. Elemental composition (at%) at the sites marked in Figure 11. 
Site S1 S2 S3 A1 A2 A3 A4 
O 67.3 67.1 61.2 61.3 25.3 57.0 63.8 
Al 0.05 0.14 0.12 0.36 40.7 34.3 35.3 
Si 32.5 25.3 0.08 0.57 1.02 1.15 0.23 
Ca 0.02 0.04 0.03 0.09 0.40 0.23 0.03 
Fe 0.20 7.49 38.6 37.7 32.6 7.29 0.62 
Total 100 100 100 100 100 100 100 
3.2 Interaction between Mineral Phases in Ore B and Fluxing Materials 
3.2.1 Mineral Phases vs CaO 
Figure 12 presents the changes in morphology of Ore B in contact with CaO and heated 
to temperatures from 1225 °C to 1300 °C. The original ore has a stratiform structure of 
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hematite/martite and goethite. After heating to 1225 °C, dehydration took place in the 
goethite layer, forming a porous structure, which caused a colour change from light to 
dark grey under optical microscope.  
 
Figure 12. Photomicrographs of Ore B - CaO tablet heated to different temperatures. 
Figure 13(a) shows the magnified morphology of area (a) on the sample heated to 
1225 °C and corresponding mapping of Ca distribution. The diffusion of Ca into the 
ore particle was very limited, probably via solid state at this low temperature. 
Figure 13(b) presents the BSE image and the EDS mapping of the distributions of 
different elements in the area (b) marked on the sample heated to 1250 °C. When 
temperature was increased to 1250 °C, a large amount of liquid phase generated at the 
interface of ore particle and penetrated into the porous layer of dehydrated goethite 
(Sites B1 and B2 in Table 6). Notably, the liquid phase started to penetrate into some 
sites (eg Sites B3 and B4) in the hematite layer where a low melting temperature phase 
was formed. From Figure 13(b), the preferable area of reaction was the porous layer of 
dehydrated goethite, where the initial liquid phase formed at the ore-CaO interface 
could be reached via the capillary effect. [17, 18] In addition, the finely distributed 
quartz is highly reactive with CaO, which helps lower the melting point of goethite 
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phase according to the phase diagrams [16]. It is known that CaO and SiO2 have high 
affinity; however, Sites B5 and B6, which were the representative quartz phase 
distributed in the hematite layer, did not show reaction with CaO.  It is apparent that 
CaO did not reach these SiO2-rich sites. The penetration of liquid phase via the porous 
structure was the major mechanism of mass transfer of CaO into the hematite layer. 
The liquid phase provided a path for fast diffusion of CaO. However, not all of pores in 
the hematite layer were reached by CaO, perhaps because they were not connected with 
the zones of liquid phase formation.  
As shown in Figure 12, when the heating temperature reached 1300 °C, the whole ore 
particle had melted, and the liquid phase penetrated into CaO. In Figure 12, a stripe-
like structure was observed in area (c). Figure 13(c) presents the BSE image and the 
EDS mapping of the distributions of different elements. Similar to previous 
observations, the dark areas in the BSE image in Figure 13(c) resulted from the loss of 
enclosed CaO during sample preparation. The grey stripes with brighter precipitates in 
the BSE image were new phases resulting from the liquid phase penetrated into CaO. 
According to the EDS analysis (Table 6), the grey phase (Sites C1 and C2) had a 
chemical composition equivalent to C2F, and the brighter precipitates (Sites C3 and C4) 








Table 6. Elemental composition (at%) at the sites marked in Figure 13(b) and (c). 
Site B1 B2 B3 B4 B5 B6 C1 C2 C3 C4 C5 C6 
O 55.3 54.9 54.7 62.8 59.6 56.1 52.6 52.4 52.7 50.7 65.1 52.2 
Al 0.44 0.47 0.60 0.06 0.27 0.06 0.38 0.60 0.35 0.34 0.26 0.36 
Si 0.50 0.62 1.18 7.12 34.4 31.5 0.45 0.41 0.24 0.04 6.56 8.56 
Ca 19.2 17.9 14.0 12.6 0.47 0.14 23.5 23.5 6.30 11.8 21.1 27.7 
Fe 24.6 26.1 29.5 17.4 5.31 12.2 23.1 23.1 40.4 37.1 6.90 11.2 
Total 100 100 100 100 100 100 100 100 100 100 100 100 
R 1.56 1.38 0.95 1.45 0.18 0.02 2.03 2.04 0.31 0.63 6.14 4.93 
c(Fe2O3) 0.39 0.42 0.51 0.41 0.85 0.98 0.33 0.33 0.76 0.61 0.14 0.17 
Compared with Ore A (predominately hematite), the presence of goethite and hematite 
in a layered structure is the most significant feature of Ore B. The transformation of 
goethite into hematite with a porous morphology provides favourable conditions for 
liquid phase penetration during the sintering process, so Ore B is likely to have better 
assimilation than Ore A. The proposed mechanism of interaction between Ore B and 
CaO during sintering is presented schematically in Figure 14, and is described as 
follows. 
 
Figure 14. Schematic of interaction between Ore B and CaO during sintering. 
1) CaO diffuses into the ore particle by solid state diffusion, followed by initial liquid 
phase formation. Dehydration of goethite takes place.  
2) The initial liquid phase penetrates into the dehydrated, porous goethite layer. CaO 
diffuses through the liquid phase together with more liquid penetration into the goethite 
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layer, which promotes dissolution of iron ore, forming more liquid phase; the liquid 
phase further penetrates into the hematite layers in the ore particle. 
3) The initial liquid phase at the ore-CaO interface also penetrates into the CaO layer, 
enhancing the dissolution of CaO into liquid and diffusion of CaO towards the ore 
particle. C2F and CF or glass phases form in the CaO layer.  
4) If time allows, the process progresses until either ore or the flux is completely 
consumed.  
3.2.2 Mineral Phases vs MgO 
Figure 15 shows a photomicrograph of an Ore B cube with surrounding MgO, heated 
to a temperature of 1300 °C.  A detailed analysis of local areas is also provided, by 
BSE observation and EDS mapping of Mg distribution. No changes were observed in 
the optical image except for dehydration of the goethite layer. In the area marked as (a), 
the BSE image and Mg distribution mapping in Figure 15(a) show that interaction 
seemingly took place within about 200 μm from the interface. However, the EDS 
analysis shows that the bright part represented by Sites A1 and A2 was MgO pressed 
into the ore particle with a small fraction of diffused Fe, and the layer in which Sites 
A3 and A4 were located was the product of MgO diffusion into ore particle with 
composition close to MgOFe2O3 (Table 7). The BSE image and Mg distribution in 
area (a’) show that further diffusion of MgO in the hematite layer took place. Spinel-
type solid solution was formed in the local zones in the hematite layer (Sites A’3 and 
A’4), where the content of impurities Al and Si was higher than at other locations 




Figure 15. Photomicrographs of Ore B heated with MgO until 1300 °C, and detailed 
analysis of local areas by BSE and EDS mapping of Mg distribution. 
Table 7. Elemental composition (at%) at the sites marked in Figure 15. 
Site A1 A2 A3 A4 A'1 A'2 A'3 A'4 
 O 47.7 47.3 52.8 52.7 60.0 58.1 57.8 58.8 
 Mg 45.1 45.6 15.0 14.3 0.55 0.02 11.0 9.37 
 Al 0.00 0.00 0.04 0.00 0.50 0.26 1.20 1.10 
 Si 0.11 0.06 0.13 0.18 0.06 0.19 0.17 0.23 
 Ca 0.05 0.02 0.12 0.12 0.05 0.05 0.09 0.17 
 Fe 7.10 7.05 32.0 32.7 38.9 41.3 29.8 30.4 
 Total 100 100 100 100 100 100 100 100 
 Site B1 B2 B3 B4 B5 B6 B7 B8 B9 
O 60.0 60.2 57.5 55.5 58.8 59.8 57.2 57.8 58.1 
Mg 0.09 0.05 11.8 10.5 0.10 0.03 10.8 11.0 24.9 
Al 0.09 0.03 0.10 0.12 1.77 1.52 1.46 0.28 0.05 
Si 0.25 0.21 0.30 0.17 0.25 0.10 0.07 0.13 13.8 
Ca 0.00 0.04 0.22 0.24 0.19 0.12 0.09 0.27 2.56 
Fe 39.6 39.5 30.1 33.5 38.9 38.5 30.4 30.6 0.56 
Total 100 100 100 100 100 100 100 100 100 
The BSE image and Mg distribution of area (b) in Figure 15 show that MgO diffusion 
into hematite and goethite layers progressed differently. In the hematite layer (left hand 
side in area b), 20-25 m of ore was fully converted to MgO-Fe2O3 solution. In 
contrast, up to 50 m of ore was fully converted in the goethite layer. The 
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concentration of Mg in the hematite layer rapidly decreased with distance from the 
interface, and became negligible at Sites B1 and B2. The diffusion in the goethite layer 
was much greater, as most of the hematite ore in the layer was converted to MgO-
Fe2O3 solution, but the penetration was decreased by the cavity generated due to ore 
dehydration. The faster diffusion in the goethite layer can be attributed to the porous 
morphology of the sintered goethite which increased the specific surface area for solid 
diffusion, [21, 22] and its relatively higher content of impurities which may have 
promoted formation of a liquid solution with MgO.  
3.2.3 Mineral Phases vs Al2O3 and SiO2 
In the interaction experiments of Ores B with Al2O3 and SiO2, no new mineral phase 
formation was observed at the interface of ore-flux pairs heated up to 1300 °C. The 
observations show the inert feature of the fluxing materials in respect to interactions 
with goethite and hematite. 
The results of interaction between different mineral phases in iron ores and various 
fluxing materials reflected the process of initial liquid phase formation before a large 
amount of liquid phase generated, which helps to better understand the mechanism of 
the sintering process and also give guidance for the iron ore matching in sinter plant. 
4. Conclusions 
Based on the examination of the interaction between different mineral phases in iron 
ores and various fluxing materials, the following conclusions are drawn.  
1) CaO was the most effective flux, generating a initial liquid phase by reacting with 
iron ore. With hematite and CaO, the formation of initial liquid phase begins above 
1250 °C; while for hematite ore containing some goethite minerals, interaction 
between dehydrated goethite and CaO becomes effective at a lower temperature, 
between 1225 and 1250 °C, which promotes the sintering of hematite mineral phase.  
2) The penetration of the initial liquid phase into the pores of ore particles plays an 
important role in the sintering process. The liquid provides a path for the mass 
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transfer of flux into the iron ore particles, promoting further reaction and further 
liquid formation.  
3) The formation of the initial liquid phase between dehydrated goethite and CaO was 
attributed to finely distributed quartz, while the porous morphology of dehydrated 
goethite facilitates the penetration of liquid into the goethite layer. The liquid can 
then further penetrate into the hematite layer, enhancing the interaction between the 
ore and flux. As a result, Ore B in the investigation shows higher assimilation with 
CaO than Ore A. 
4) MgO diffuses into hematite ores by solid state diffusion and forms solid solution 
(Fe, Mg)O∙Fe2O3. The interaction of hematite and dehydrated goethite with MgO is 
limited. The diffusion of MgO in a porous but continuous dehydrated goethite 
matrix is relatively faster than in the denser hematite phase. However, a cavity or 
crack caused by dehydration can retard or block solid phase diffusion of Mg into an 
ore particle. In addition, the inherent impurities Al and Si are helpful for MgO 
diffusion to form spinel solid solution, which is not expected to play an important 
role in sinter process. 
5) Externally added Al2O3 and SiO2 are relatively inert during sintering, and is 
expected to play little role without involvement of CaO.  
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The mineral phases in a commercial goethite type iron ore were characterized, and the 
interaction between these phases and fluxing materials (CaO, MgO, SiO2 and Al2O3) 
was examined in this paper. The major minerals include goethite, quartz, 
hydrohematite, quartz-dispersed hydrohematite, and quartz-dispersed goethite. The 
interaction experiments were carried out by heating ore-flux pairs to different 
temperatures under 0.5 kPa O2 partial pressure. The results show that CaO was the 
most effective flux for liquid phase generation during sintering. MgO diffused into ore 
grains by solid state diffusion and formed solid solution (Fe, Mg)O∙Fe2O3, but did not 
initiate a liquid phase. Externally added Al2O3 and SiO2 were relatively inert during 
sintering. Goethite matrix, as the major mineral phase of the ore, played a key role in 
the interaction with CaO. At 1200 °C, no apparent liquid formation was observed. CaO 
diffused into the goethite matrix, and first reacted with SiO2 to form CaO∙(SiO2)x 
because of their strong affinity. Then CaO combined with Fe2O3 and formed 
CaO∙(Fe2O3)x. When heated to 1225 °C, CaO∙(Fe2O3)x and CaO∙(Fe2O3)x∙(SiO2)y 
phases formed by solid state reaction started to melt. With increasing temperature, 
more liquid phase was generated. Whole ore particles were almost completely melted, 
with only a few dense ore fragments being observed in the samples heated to 1300 °C. 
Other mineral phases in the goethitic ore are less reactive due to their dense structure. 




Lower grade ores such as goethite, have become increasingly used in iron ore sintering, 
certainly as hematite reserves deplete. Depending on specific circumstances, the 
proportion of goethitic ores used in sintering blends has increased worldwide [1, 2]. 
From a mineralogical perspective, the texture of goethitic ores is typically ooidal and 
porous, with minor pisoids and varying amounts of coarser, goethitic fossil wood and 
irregular unstructured peloids, in a goethite matrix [1, 3, 4]. From a geometallurgical 
perspective, goethitic ores are classified into brown, ochreous, and vitrous goethite, on 
the basis of their physical properties (color, lustre, streak, hardness and fracture) [5]. 
However, these classifications cannot reflect the properties and performances of 
mineral phases in sintering and ironmaking processes. No specific classification on the 
characteristic phases has been found in the literature. Furthermore, no information on 
the sintering performance of each phase has been reported. Therefore, an appropriate 
assessment, or classification, of goethitic ores from a metallurgical perspective should 
be developed. 
Normally, bench- and/or pilot-scale sintering tests are undertaken prior to a new blend 
being used in the sinter plant. Previous research has shown that goethitic ores have 
high assimilation with CaO during sintering, forming: a liquid phase(s) with low-
melting point and high fluidity, a low strength bonding phase and high SFCA content 
during sintering. [6-16]. However, all these investigations focused on the properties of 
final sinter product, and the examination of mineral phases in the iron ores and their 
interaction with fluxing materials were rarely considered. Therefore, it is necessary to 
examine the sintering performance and quality of sinter made using significant 
amounts of goethitic ores, to help decrease the uncertainty in sintering such ores due to 
their inherent complex phases and impurities. 
Part 1 of this research investigated the interaction of a typical hematite ore (Ore A) and 
the mineral phases in an ore with layered hematite-goethite structure (Ore B) with 
various fluxing materials (CaO, MgO, Al2O3 and SiO2) [17]. Using a tablet sintering 
method, this work extends the previous investigation to the characterization of the 
mineral phases in a goethitic ore and the interaction between various mineral phases in 




Full details of the experimental approach and setup are given in Part 1 of this work [17]. 
The experimental techniques used in the investigation are briefly described below.  
2.1 Materials  
The goethitic ore used in this investigation, Ore C, was supplied by BlueScope Steel. 
Table 1 shows the chemical composition of the ore obtained by XRF. Fluxes, CaO, 
MgO, SiO2 and Al2O3 are chemical reagents, supplied by Sigma-Aldrich Australia. 
Table 1. The major chemical composition of the goethitic ore (Ore C). 
Component Fe Al2O3 SiO2 P S LOI* 
Content, wt% 57.68 1.27 5.81 0.042 0.01 10.08 
   * Loss on ignition at 1050 °C.  
2.2 Sample Preparation and Sintering 
The ore-flux pair tablets were prepared using cube-shaped samples of iron ore and 
surrounding these with a fluxing material. A lump of iron ore was cut and polished to 
form a cube (~ 8mm sides). The cube was placed at the bottom centre of a die of 16 
mm in diameter, which was filled with flux powder and then pressed under 25 MPa 
into a tablet of 16 mm in diameter and ~16 mm high. 
These tablets were sintered and used to study the interaction of individual mineral 
phases with fluxes at the interface (Figure 1(a) in Part 1 [17]). The sintering was 
conducted in a vertical electric heating tube furnace (Figure 1(b) in Part 1 [17]) with 1 
l/min gas flow, under 0.5 kPa oxygen partial pressure. A tablet was loaded into a 
stainless steel wire basket and located in the furnace hot zone. After the set sintering 
time was reached, the sample was taken out of the furnace tube and cooled in air. The 
sintering time needed to heat a sample to a desired temperature was determined 
according the temperature profile curve of tablets, determined in advance (see Figure 1 
in Part 1 [17]). In the interaction experiments, the samples were removed from the 
furnace at the time when it reached the expected temperatures. 
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2.3 Characterization Methods 
The sintered tablets were mounted in epoxy resin in preparation for optical and SEM-
EDS analysis. After curing, the surface was ground, washed with anhydrous ethanol 
and then polished to a 1 μm finish for optical microscopic observation (Leica DM6000 
Optical Microscope). The polished samples were then platinum coated and analyzed 
using a scanning electron microscope (JEOL JSM – 6490LV) operated at 20 kV. The 
chemical compositions obtained by EDS analysis are indicative when the values are 
low. 
3. Results and Discussion 
3.1 Characterization of Goethitic Ore C 
Compared with conventional hematite ores, Ore C is more heterogeneous. The 
classification of the mineral phases is complex and hence, in this section, a summary of 
the characterization results is provided.  
In general, the relatively pure mineral phases in Ore C include goethite (G), 
hydrohematite (HH), and quartz (Q). Quartz presents as either separate particles or 
smaller particles enclosed in goethite and hydrohematite matrices, and has a wide size 
distribution. The enclosed particles are commonly referred to as cores in mineralogy 
references [1, 3, 4]. The dispersion of quartz in goethite and hydrohematite forms new 
minerals, quartz-dispersed hydrohematite (HHQ) and quartz-dispersed goethite (GQ). 
As a result, the major minerals include goethite, hydrohematite, quartz, quartz-
dispersed hydrohematite and quartz-dispersed goethite. Quartz-dispersed 
hydrohematite differs from quartz-dispersed goethite in that it is present only in the 
form of enclosed cores, while quartz-dispersed goethite can be in the form of enclosed 




Figure 1. (a) Photo and (b) optical image of the polished surface of a typical Ore C 
lump; (c) optical image of the marked area in (b) showing layered structure of goethite 
matrix; (d) photo of an Ore C lump with a quartz core; and (e) optical image of the 
quartz core in (d) at high magnification. 
Figure 1 shows the photos and optical images of a typical lumps of Ore C. Porous 
goethite forms the matrix, showing dark brown color in photo (Figure 1(a)) and grey 
color under optical microscope (Figure 1(b)), respectively. Many cores are enclosed in 
the goethite matrix. The matrix represents the largest volume of Ore C, accounting for 
up to 75% of the ore volume [1, 18]. By EDS analysis, Al and Si were detected in the 
goethite phase as impurities, accounting for, on average, ~ 0.6% and 1.4%, respectively. 
It should be noted that goethite has a layered structure surrounding cores at higher 
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magnification (Figure 1 (c) and (e)), naturally formed by the sedimentation of iron-rich 
silt/mud in riverbeds. [4] Therefore, the chemical composition of each layer may vary. 
Quartz cores have dense structure and show milky white color appearance (Figure 1(d)), 
but show dark grey color under optical microscope (Figure 1(e)). According to EDS 
analysis, there were no other impurities in these cores.  
Hydrohematite is a dense, defect solid solution where 𝑂𝐻− ions replace oxygen. [19] It 
is shown black in the photo (Figure 1(a)), but white under optical microscope. 
Sometimes, small quartz particles are included within hydrohematite. 
 
Figure 2. (a) Surface photos of two original particles; (b) photomicrographs of the 
polished cross-section of the particles; and (c) EDS mapping of Si distribution in 
typical areas in quartz-dispersed hydrohematite cores. 
When quartz content and size increase in the hydrohematite matrix, the cores of quartz-
dispersed hydrohematite show a changed color from black to red (Figure 1(a)), and 
correspondingly, white to dark grey under optical microscope. The differences in the 
color of two quartz-dispersed hydrohematite cores marked in Figure 1 reflect different 
quartz contents in the cores. Figure 2 shows the surface morphology of two quartz-
dispersed hydrohematite-containing cores, via the photo and optical images of their 
polished cross-sections, and detailed Si distribution within the quartz-dispersed 
hydrohematite cores by EDS mapping. In Figure 2(a), the quartz content and grain size 
in particle 1 are less than those in particle 2, and the distribution of quartz in particle 2 
is less homogeneous. 
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Quartz-dispersed goethite shows ochreous color in photo (Figure 1(a)) and dark brown 
color under optical microscope (Figure 1(b)), respectively, and the distribution of 
quartz is nonhomogeneous. Figure 3 shows the photomicrographs and BSE images, 
and EDS mapping of Si and Fe. The chemical compositions of the ore at selected sites 
marked in Figure 3 are presented in Table 2. Quartz presents in two different states in 
the quartz-dispersed goethite mineral. Coarse quartz particles segregate from goethite 
grains, and are quite pure (Sites S1-S3) and present in dendritic structure as observed at 
higher magnification. Very fine quartz particles distribute in the goethite grains as 
indicated by the chemical compositions at Sites G1 and G2 
 
Figure 3. Photomicrographs and BSE images of a quartz dispersed goethite particle and 




Table 2. Elemental composition (wt%) at the sites marked in Figure 3. 
Site S1 S2 S3 G1 G2 
O 53.2 52.9 52.7 41.9 39.3 
Al 0.00 0.00 0.00 0.14 0.05 
Si 46.1 46.8 46.4 16.3 7.20 
P 0.09 0.04 0.00 0.02 0.15 
S 0.04 0.03 0.08 0.15 0.13 
Ca 0.01 0.00 0.00 0.07 0.01 
Fe 0.50 0.24 0.83 41.4 53.2 
Total 100 100 100 100 100 
Figure 4 presents the morphology of a typical goethite matrix around cores. All cores 
in Ore C were cemented by a porous colloform goethite matrix. [18] There is a thin 
layer (ca. 50 m) of higher porosity goethite surrounding each core. Hence, Ore C has 
a highly heterogeneous structure consisting of relatively dense cores, a more porous 
goethite matrix and an even more porous goethite layer.  
 
Figure 4. Features of goethite structure close to cores 
During sintering, dehydration of the goethite and hydrohematite minerals first take 
place, followed by sintering of the mineral phases, causing non-uniform shrinkage of 
different minerals in the same ore particle. After calcination at 1200°C, cracks 
appeared on the surface of the ore lumps. The ore formed an internal porous structure, 
affecting the interaction between the mineral phases and fluxing materials. 
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3.2 Interaction between Mineral Phases in Ore C and CaO 
3.2.1 Goethite Matrix vs. CaO 
Goethite matrix is the dominant mineral in Ore C, and CaO is the most reactive fluxing 
material. The interaction between the ore and CaO flux started from the interface 
between goethite and CaO. Thus, the interaction between goethite mineral and CaO is 
the focus of this investigation.  
Figure 5 compares the optical microscopic images of representative Ore C samples 
after heating with CaO to different temperatures. At 1200 °C, the most apparent change 
was the dehydration of goethite matrix, which resulted in sample cracks. The enclosed 
cores remained almost unaffected. Only a very thin layer near the top edge of the 
sample shows some solid state reaction in Figure 5(a). The major part of this image 
shows the sample unaffected by flux and can be used as a reference in the examination 
of the effects of fluxes. At 1225 °C, the layer of solid state reaction is thicker around 
the sample. It is clearer from the higher magnification image (Figure 6(b)) that a liquid 
phase, generated on the right hand side of the sample, has penetrated into ore particle, 





, more liquid phase is generated at the interface and penetrates into the ore body 
via the porous goethite matrix and capillary action. [20, 21] At ~1275 °C, most of the 
goethite matrices is transformed into liquid phase, but the outline of the original ore 
remains. At ~1300 °C, the whole particle has melted except a few cores which were 
difficult to melt due to their relatively dense structure. These results correspond well 




Figure 5. Photomicrographs of Ore C-CaO pair heated to different temperatures. 
Figure 6 shows more detailed information of areas (a) and (b) in Figure 5, which 
reveals the process of solid state diffusion of CaO into the goethite matrix and the 
generation of an initial liquid phase (ILP).  
 
Figure 6. BSE and EDS mapping of areas (a), (b), (b’) and (b’’) in Figure 5. 
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Figure 6(a) shows the diffusion of CaO into the goethite matrix. As stated previously, 
Ore C contained negligible CaO prior to the reaction. From the EDS mapping of area 
(a), two CaO-rich channels were detected, separated by a denser, purer layer of iron 
oxide with a lower silica content. From the EDS mapping of Si, both channels contain 
higher silica content. The channel close to core presents a more porous structure, as 
illustrated in Figure 4, which allowed solid diffusion to take place via the solid surface. 
The other channel appeared many pores during sintering due to dehydration of the 
goethite, which assisted CaO diffusion. 
Figure 7 presents the elemental distributions along the line marked in Figure 6(a). The 
two Ca diffusion channels with significantly higher Ca and Si concentrations can be 
easily identified: from 0 to 16 μm, and from ~90 to 112 μm. The Ca content and Si 
content in minerals were highly correlated due to the high affinity between SiO2 and 
CaO. Beyond 112 μm, there was another thin layer of dense iron oxide mineral where 
the average Si content was ~3 at%, but Ca content was moderate (~2 at%). This layer is 
considered as fine quartz-dispersed hydrohematite, and next to it, coarse quartz-
dispersed hydrohematite before interaction took place. The EDS chemical composition 
analysis at Sites A1 – A4 in Figure 6(a) is presented in Table 3, in which parameters R 














      (2) 
where n(i) denotes the molar fraction of species i. R takes a value of 0.5, 1 and 2 for 
CaO·(Fe2O3)2, CaO·Fe2O3 and (CaO)2·Fe2O3, respectively. C(Fe2O3) is the molar 
fraction of Fe2O3 which helps identify the position of components in a Fe2O3-CaO 
phase diagram.  
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Figure 7. Distributions of O, Fe, Si and Ca along the line marked in Figure 6(a). 
The data in Figure 7 show that the Ca contents reached 4-5 at% in the CaO diffusion 
channels, and more than 2 at% in the denser layer of the goethite mineral. Less than 2 
at% of CaO diffused into the quartz-dispersed hydrohematite layer due to its dense 
structure.  
According to the CaO-Fe2O3 phase diagram (see Figure 7 in Part 1 [17]), the system 
should form a liquid phase above 1208 °C. However, since CaO and hematite have 
very low solubility in each other below this temperature, and it was very close to the 
end of the heating cycle (~ 6 seconds from the termination of heating according to the 
temperature profile, see Figure 2 in Part 1 [17], no noticeable amount of liquid phase 
was formed in area (a) at 1225 °C. 
The porous colloform goethite matrix, as well as the more porous structure surrounding 
the cores in the matrix (Figure 4) and the cracks formed after dehydration, mean that 
Ore C is conducive to solid state reaction and liquid penetration. From a 
thermodynamic perspective, dehydrated goethite and hydrohematite phases would 
likely be transformed to hematite under the testing atmosphere and temperature range 
of these experiments, and CaO would not form a solid solution with hematite (Figure 7 
in Part 1 [17]). This means that the diffusion of Ca
2+
 in the hematite lattice is difficult 
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and slow. The solid diffusion of CaO into the ore lumps is through the surface diffusion. 
The porous structure of goethitic ore formed by dehydration favors this diffusion 
mechanism. [20, 21]  
Table 3. Elemental composition (at%) at the sites marked in Figure 6. 
Site A1 A2 A3 A4 B1 B2 B3 B4 B5 B'1 B'2 B'3 B'4 
O 56.4 54.5 55.8 59.9 57.3 55.9 55.4 57.8 60.5 56.4 57.3 58.4 60.7 
Al 0.41 0.51 0.65 0.08 0.14 0.07 0.76 0.40 0.53 0.46 0.42 0.50 0.51 
Si 1.53 0.94 3.57 21.4 14.1 1.2 1.61 3.27 2.93 1.49 2.06 0.39 5.07 
Ca 4.89 2.16 4.05 0.71 0.00 0.04 2.04 13.5 10.8 1.96 2.33 7.08 6.96 
Fe 36.8 41.9 36.0 18.0 28.4 42.8 40.2 25.2 25.3 39.7 37.9 33.6 26.7 
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 
R 0.27 0.10 0.23 0.08 0.00 0.00 0.10 1.07 0.86 0.10 0.12 0.42 0.52 
c(Fe2O3) 0.79 0.91 0.82 0.93 1.00 1.00 0.91 0.48 0.54 0.91 0.89 0.70 0.66 
Site B'5 B''1 B''2 B''3 B''4 B''5 C1 C2 C3 C4 C5 C6 
 O 65.3 63.4 58.9 57.2 57.5 56.7 52.5 49.7 45.5 46.6 46.2 45.9 
 Al 0.19 0.22 0.29 0.47 0.54 0.62 0.48 1.14 0.36 0.68 0.31 0.35 
 Si 10.0 12.5 13.2 0.00 0.00 0.00 0.44 0.84 0.27 1.47 1.28 1.49 
 Ca 17.4 12.6 13.8 6.56 6.42 2.95 22.1 19.6 5.38 6.37 0.00 0.00 
 Fe 7.16 11.34 13.8 35.7 35.6 39.7 24.6 28.7 48.5 44.9 52.2 52.3 
 Total 100 100 100 100 100 100 100 100 100 100 100 100 
 R 4.86 2.22 2.00 0.37 0.36 0.15 1.79 1.37 0.22 0.28 0.00 0.00 
 c(Fe2O3) 0.17 0.31 0.33 0.73 0.73 0.87 0.36 0.42 0.82 0.78 1.00 1.00 
 
Figure 6(b) shows the BSE image and elemental distributions of Ca, Fe and Si in area 
(b) in Figure 5. It is in the same ore cube as area (a) in Figure 6 which was heated to 
1225 °C. The core was a dense particle which was hardly affected by the interaction. 
As presented in Table 3, the Ca contents at the Sites B1 and B2 were negligible, 
although the Si content at Site B1 is as high as 14.1 at%. In contrast, the whole goethite 
matrix in the area was affected by the interaction. A few narrow bands rich in Ca were 
identified, such as at Sites B4 and B5. Similar bands were present on the surface of 
cracks. The Ca content decreased with distance from these bands. As shown in Table 3, 
the Ca contents at Sites B4 and B5 were high (>10 at%). The composition of the 
goethite matrix away from the bands, such as at Site B3, was significantly different, i.e. 
Ca and Si contents were much lower. The area was examined in detail at higher 
magnifications, by selecting area (b’) from area (b) and further (b”) from area (b’). 
In area (b’), the Ca-rich band inside the goethite matrix and on the surface of a crack 
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became clearer. Overall, the Ca and Si contents in the band were much higher than in 
the goethite matrix (Sites B’3, B’4 and B’5 vs B’1 and B’2), the composition in the 
band is not uniform, and it is clear from the images of area (b”) that it contained two 
phases. The dark areas (Sites B”1 and B”2) contained similar fractions of Ca, Si and Fe, 
while the grey areas (Sites B”3 - B”5) were dominated by iron oxide and contained 3-7 
at% of Ca, with little Si. It is understood that the Ca-rich bands were melted at the final 
heating temperature (1225 °C) in the interaction experiments, and the grey area 
represents the mineral which was recrystallized from the liquid phase during cooling, 
leaving a glass phase rich in Ca and Si (black areas within the bands).  
As shown in the CaO-Fe2O3 phase diagram presented in Part 1 [17], the CaO-Fe2O3 
system has a eutectic temperature of 1208 °C. However, a liquid phase was not 
identified in area (a) of the same heated Ore C cube due to the very short time the 
sample was heated after reaching this temperature. However, the melting temperature 
can be lower when low contents of Si and Al are dispersed in the goethite phase. The 
initial liquid phase was formed in the area (b) of the sample heated to 1225 °C. Its rapid 
spread on the solid surface and penetration into the pores in the goethite matrix 
strongly enhanced CaO diffusion and the interaction between the goethite phase and 
CaO flux. 
3.2.2 Quartz vs. CaO 
Figure 8 shows the BSE images and EDS mapping of quartz cores after reacting with 
CaO by heating to 1250 °C. The quartz cores appear to have remained in intimate 
contact with CaO (Figure 8(a)), but at higher magnification (Figure 8(b)), a thin 
reaction layer of ~ 20 µm thick was observed between quartz and CaO. The chemical 
composition at the sites marked in Figure 8 is listed in Table 4. Site 5 showed pure 
quartz phase with very little content of other elements. At Sites 1 and 2 beyond the thin 
layer, the composition was close to CaFe2O4 with very low fraction of Si and Al 
impurities, typical of reacted goethite matrix. Two mineral phases were present in the 
reacted thin layer. The major phase was that represented by Sites 3 and 4, showing a 
composition similar to Ca2SiO4. The other represented by Sites 6 and 7 contained 
mainly Fe, Ca and Si.  
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According to the CaO-SiO2 phase diagram, [23] solid state reaction between SiO2 and 
CaO takes place below 1000 °C, but no liquid phase is generated until 1420°C. 
Apparently, some liquid phase was formed by the reaction of goethite surrounding the 
quartz cores with CaO, which penetrated into solid solution of CaO and SiO2 and 
formed a new melting phase of Fe2O3-CaO-SiO2. The latter liquid brought CaO in 
contact with the unreacted quartz, slowly degrading the quartz cores further. At the 
sintering temperatures, it was difficult to completely melt the quartz cores due to their 
dense structure. Some quartz cores could still be observed in samples heated to 
1300 °C (Figure 5). 
 
Figure 8. BSE images and EDS mapping of quartz cores reacted with CaO at 1250 °C. 
Table 4. Elemental composition (at%) at the sites marked in Figure 8. 
Site 1 2 3 4 5 6 7 
O 52.3 51.6 54.8 54.4 63.9 60.1 60.1 
Al 0.32 0.33 0.00 0.00 0.00 0.00 0.00 
Si 0.41 0.73 15.7 15.9 35.6 5.77 3.83 
Ca 17.0 17.5 28.9 28.9 0.21 13.3 10.8 
Fe 30.0 29.8 0.65 0.81 0.32 20.8 25.3 
Total 100 100 100 100 100 100 100 
3.2.3 Hydrohematite and Quartz Dispersed Hydrohematite vs. CaO 
Figure 9 shows the representative optical microscopic image of the Ore C sample after 
interaction with CaO and heating to 1300 °C. The sample contained hydrohematite and 
quartz-dispersed hydrohematite cores which could be identified from the reacted 
residues included in the well melted matrix. A white core on the right hand side in the 
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optical image was an unmelted hydrohematite core. Areas (a) and (b) were further 
examined in detail by BSE imaging and EDS mapping.  
 
Figure 9. Optical microscopic image of an Ore C sample after interaction with CaO by 




In Figure 9(a), the hydrohematite core was penetrated by the liquid phase, with only a 
nucleus of ~200 µm unreacted. This was verified by the elemental analysis of Sites A1 
and A2 in Table 5. At Site A1 in the unreacted core, the Ca content was very low. In 
the melted area, such as Site A2, the Ca content was close to 5 at%. At higher 
magnification of the edge of the unreacted nucleus in Figure 9(a’), Ca was diffusing 
into the nucleus as shown by the gradual change of the Ca content. Local liquid phase 
started to form, such as at Sites A’1 to A’3, where the Ca content was in the range of 
10 to 25 at%.  
Table 5. Elemental composition (at %) at the sites marked in Figure 9. 
Site A1 A2 A'1 A'2 A'3 A'4 B'1 B'2 B'3 B'4 
O 55.5 58.3 49.7 61.9 60.3 54.6 55.8 61.3 55.4 55.6 
Mg 0.08 0.25 0.1 0.03 0.11 0.17 0.01 0.06 0.12 0.16 
Al 0.43 0.64 1.02 0.95 1.49 0.61 0.58 0.69 0.24 0.28 
Si 1.48 1.34 13.1 8.84 10.0 1.37 10.8 10.2 0.29 0.2 
Ca 0.14 4.96 24.7 13.1 10.3 0.1 17.1 10.4 0.61 0.4 
Fe 42.4 34.5 11.5 15.1 17.8 43.2 15.7 17.3 43.3 43.3 
Total 100 100 100 100 100 100 100 100 100 100 
Figure 10 shows the distribution of Ca, Fe and Si along the line marked in Figure 9(a’).  
Within the range of 0 to 70 µm, the grain size of Fe-rich phase was larger compared 
with that beyond this range. However, pore rounding cannot be observed. Although the 
generation of a liquid phase enhanced the mass transfer of Ca into the core, significant 
melting of iron oxides in the area had not yet occurred at this temperature. Beyond 
70 µm, Ca diffusion was very low and the morphology was relatively unaffected. 
 
Figure 10. Distributions of Ca, Si and Fe along the line marked in Figure 9(a’). 
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Figure 9(b) shows a partially melted quartz-dispersed hydrohematite core which 
cracked due to the stress generated by non-uniform shrinkage of the surrounding matrix. 
The liquid phase generated and surrounding the core, penetrated into the core until area 
(b’) marked in Figure 9(b). At higher magnification, the BSE image and elemental 
distributions in area (b’) show that the agglomeration and growth of iron oxide grains 
occurred. More glass phase was generated in this area due to a higher content of 
dispersing quartz in this type of core. Quartz-dispersed hydrohematite cores have dense 
structure similar to hydrohematite, hence their melting was very slow and required a 
higher temperature during the interaction with CaO. 
3.2.4 Quartz Dispersed Goethite vs. CaO 
Figure 11 shows the optical image of a representative quartz dispersed goethite sample 
heated with CaO to 1300 °C, and the BSE images and EDS mapping of local areas (a) 
and (b). Unlike previous goethite samples, the quartz-dispersed goethite samples were 
still relatively dense after dehydration. Opaque quartz particles were observed in the 
sample. The sample retained its original shape after interaction; only a small amount of 
liquid phase formed on the edge and penetrated into the sample along some cracks.  
The mineral phases in the sample after interaction with CaO could be better identified 
in the EDS image and elemental mapping in area (a), and the high magnification 
observation of area (b) selected from area (a). The dark band in the optical image 
corresponds to the Ca- and Si- rich band in area (a), which contained mainly Ca and Si 
with a small fraction of Fe (Site 1 in Table 6).  This band presents the liquid phase 
formed due to the interaction between the ore and CaO. Only a small fraction of the 
liquid penetrated into the ore lump (Sites 2 and 3), because a gap formed between the 
liquid and CaO layer, as observed by a dark band in the BSE image and grey band of 
resin in the optical image. The dense structure of the ore sample and high viscosity of 
the liquid phase due to its high Si content restricted the penetration. A quartz band was 
present in the sample in area (a) (Site 4), however, it was not affected by the interaction 
with CaO even though SiO2 has high affinity with Ca. This is likely to be as a result of 





Figure 11. Photomicrograph of a quartz dispersed goethite sample heated with CaO at 
1300 °C and the BSE image and EDS mapping of areas (a) and (b). 
Table 6. Elemental composition (at%) at the sites marked in Figure 11. 
Label 1 2 3 4 5 6 7 8 
O 67.1 65.5 65.3 68.6 65.9 61.9 62.8 67.7 
Mg 0.41 0.34 0.23 0.00 0.20 0.12 0.08 0.02 
Al 0.04 0.04 0.00 0.00 0.00 0.01 0.01 0.00 
Si 13.2 16.9 16.7 31.2 17.1 0.95 5.36 29.0 
Ca 15.5 9.31 9.61 0.00 9.42 0.27 0.09 0.53 
Fe 3.82 7.93 8.11 0.19 7.39 36.7 31.7 2.71 
Total 100 100 100 100 100 100 100 100 
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In area (b), the liquid on the surface of the ore sample transformed into two phases 
after cooling: secondary skeletal hematite (Site 6) and glass phase (Site 5). Although 
the ore-CaO pair was heated to a high temperature of 1300 °C, the dense structure of 
the particle prevented the liquid phase from penetrating into the quartz-dispersed 
goethite structure, in which Site 7 (iron oxide grain) and Site 8 (quartz grain) were both 
unaffected by the interaction. 
In summary, the assimilation of goethitic ore, Ore C, by CaO during interaction 
experiments can be described via the following stages: 
1) At relatively low temperature (< 1225 °C), dehydration of goethite matrix and 
hydrohematite takes place. CaO diffuses into the goethite matrix mainly by solid 
state diffusion. Within the goethite matrix, CaO preferentially combines with 
finely distributed SiO2, and then subsequently, with Fe2O3.  
2) With increasing temperature and the proceeding of CaO diffusion, such as above 
1225 °C, calcium ferrite and CaO-Fe2O3-SiO2 liquid solutions are formed. This 
initial liquid phase penetrates into the pores in the goethite matrix and CaO layer, 
enhancing the mass transfer of CaO into the goethitic ore particle and further 
assimilation of the ore. 
3) Along with the progress of the assimilation of the goethite matrix, and further 
increasing temperature, more liquid is generated.  This liquid surrounds the dense 
core particles of quartz, quartz-dispersed goethite, hydrohematite and quartz-
dispersed hydrohematite, promoting the assimilation of these cores. 
3.3 Interaction between Mineral Phases in Ore C and MgO, Al2O3 and SiO2 
According to the results of the interaction between Ore C phases and CaO, goethite 
matrix is the most reactive phase. The examination of the interaction between Ore C 
and MgO, Al2O3 and SiO2 was focused on the goethite mineral. 
Similar to the situation of Ore B (see Part 1 [17]), the interaction between goethite in 
Ore C and MgO, Al2O3 and SiO2 was very limited. The results show that MgO diffused 
into goethite matrix in 60 µm by solid state diffusion at 1300 °C and formed a spinel 
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solid solution (Fe, Mg)O∙Fe2O3, while Al2O3 and SiO2 were non-reactive with the 
goethite phase. For other dense phases, MgO, Al2O3 and SiO2 are relatively inert 
during sintering.  
4. Conclusions 
The major minerals in a goethitic ore were determined and their interaction with 
different fluxing materials was examined by tablet experiments in the temperature 
range of 1200 – 1300 °C. The following conclusions are obtained.  
1) The major basic mineral phases in the goethitic ore include goethite, 
hydrohematite and quartz. Goethite phase containing finely distributed quartz 
forms the matrix of the goethitic ore. Other minerals are present in the matrix as 
core particles, including quartz, hydrohematite, quartz-dispersed goethite and 
quartz-dispersed hydrohematite.  
2) CaO is the most effective flux for liquid phase generation during sintering. MgO 
diffuses into ore grains by solid state diffusion and forms a solid solution, (Fe, 
Mg)O∙Fe2O3, which does not initiate a liquid phase. Externally added Al2O3 and 
SiO2 are relatively inert fluxes during sintering. 
3) On heating during sintering, dehydration of goethite generates a porous structure 
and cracks in the ore body, facilitating the diffusion of flux and penetration of flux-
containing liquid phase. The core particles in the ore body, including hydrohematite 
minerals, remain relatively dense and so their assimilation during sintering is slow.   
4) The interaction between goethite and CaO plays a key role in initiating formation 
of liquid phase and assimilation of other minerals. Below 1225 °C, no liquid 
formation was observed, and CaO diffused into dehydrated goethite matrix by solid 
state diffusion. At ~ 1225 °C, an initial liquid phase of calcium ferrite or its 
solution with silica and alumina was formed and the sintering process was 
enhanced. With increasing temperature, more liquid phase quickly generated in the 
goethite phase. When the temperature reached 1300 °C, most of Ore C was melted, 
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Chapter 6. Zinc Removal from Basic Oxygen 
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Zinc removal from basic oxygen steelmaking filter cake was studied by tablet testing 
and in a millipot under different conditions. The results from tablet testing show that 
coke and metallic iron in filter cake play the role of reductants to remove zinc during 
sintering. Zinc removal increased with increasing temperature and decreasing partial 
pressure of oxygen. Zinc removal reached 24.6% when a tablet of filter cake without 
addition of coke was sintered at 1300°C in a nitrogen atmosphere. Addition of 3 to 9 wt% 
of coke breeze into filter cake enhanced the zinc removal to 60.6 to 91.4%, 
correspondingly, in an atmosphere with 0.5 vol% oxygen. The results from millipot 
sintering show that adding filter cake in the form of tablets was effective to remove 
zinc, especially when additional coke was added into the tableted filter cake. Zinc 
vapour generated at high temperature in the reducing atmosphere diffused out of the 
tablets and was carried with flowing gas, and then re-oxidized and deposited on the 
lower layer of sintering material in the bed. Positioning the filter cake in the form of 
tablets at the bottom of the sinter bed is therefore suggested for zinc removal from filter 
cake by sintering.  
KEY WORDS: zinc removal, BOS filter cake, tablet testing, millipot sintering, 




Significant amounts of metallurgical by-products such as sludge, dust and filter cake 
are generated each day from steelmaking operations – this generation leads to 
significant environmental and land management issues associated with stockpiling [1]. 
Basic oxygen steelmaking (BOS) dust is one of the aforementioned by-products, 
containing significant amounts of iron as well as varying amounts of zinc present 
mainly as ZnO and ZnFe2O4, due to utilization of galvanized scrap [2-4]. At BlueScope, 
BOS dust is separated from the off gas by a wet scrubbing process and stored in 
stockpiles in the form of dewatered filter cake [5]. Due to the fine particle size 
distribution and zinc content, it is difficult to recycle the filter cake directly back 
through the steelmaking processes, such as the blast furnace or sinter plant [6-8]. 
A number of investigations have been undertaken to develop methods for handling the 
dust and reclaiming iron, zinc and other valuable elements, including leaching and 
pyro-metallurgical techniques. For leaching, various liquid solvents have been tested 
including inorganic acids, organic acids and alkaline chemicals (ammonium or sodium 
hydroxide) to selectively remove zinc; some of the tests were conducted using heating, 
microwave treatment, stirring or high pressure to improve the kinetics of the reaction 
and the leaching effects. Generally, the leaching processes do not completely remove 
zinc from the silicates and ferrites commonly present in BOS filter cake [2-3, 9-13]. 
For pyro-metallurgical processes, the rotary hearth furnace is one of the key 
technologies used to treat by-products streams; however, significant capital investment 
is required and hence, broad adoption of this technology is limited [13]. Other options 
for treating by-product streams include through: a) the Basic Oxygen Furnace (BOF), 
where small amounts of filter cake can be used as a coolant although limited by zinc 
accumulation in the dust generated [5]; and b) the sintering process, again for small 
amounts of zinc-containing dusts, though the high oxygen partial pressure means zinc 
removal is low, and high zinc content of blast furnace burden materials causes zinc 
accumulation problems in the shaft of a blast furnace [12, 14, 15]. The low quantities 
of by-product streams recycled through these options means that considerable amounts 
of the dust are stockpiled [5, 13]. 
167 
 
In the specific case of BOS filter cake, the high zinc content limits the amount which 
can be recycled. An alternative method of zinc removal from BOS filter cake is 
proposed based on specific placement of the material within the sinter strand. Two key 
requirements must be met during the zinc removal process: a) sufficient temperature 
and b) as mentioned, a reducing atmosphere. In the case of the sintering process, the 
sintering temperature can reach 1350°C or higher, which meets the temperature 
requirement for common reducing agents (C, CO, Fe) and keeps the reduced zinc as 
vapour. However, since the oxygen partial pressure in sintering can be relatively high 
(between 0.5 and 21 vol-%), it is necessary to ensure a locally reducing atmosphere 
around contained zinc oxide so that reduced  zinc vapour may escape from the sinter 
bed before being re-oxidised. The benefit of using the sintering process to deal with 
dust rich in zinc is that it can potentially be done without significant changes of the 
operation or capital investment on an existing plant.  
In this study, the effects of sintering temperature and oxygen partial pressure on zinc 
removal from the BOS filter cake were investigated using tablet sintering tests, while 
the zinc removal performance under commercial sinter plant conditions was simulated 
using millipot sintering tests. The aims were to develop a better understanding of zinc 
removal mechanisms in the sintering process, and to identify the optimal sintering 
conditions for zinc removal from filter cake.  
2. Experimental 
2.1 Materials  
In this study, BOS filter cake from BlueScope was used. Table 1 shows its chemical 
composition while Figure 1 presents the XRD pattern of the filter cake, measured at 
step size of 0.02° and scan speed of 0.25°/min. Iron is present as metallic iron, wustite, 
magnetite and hematite, while zinc is present as zincite (ZnO) and zinc ferrite 
(ZnFe2O4).  Small amounts of carbon and flux (CaCO3 and MgO), were also present in 
the sample.   
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Table 1. Chemical composition of filter cake, wt% 
XRF Titration Carbon analysis 





62.3 1.54 0.066 4.25 0.74 1.86 6.85 61.4 12.0 44.4 5.00 0.24 
 * Carbon content in filter cake excludes carbon in CaCO3. 
 
Figure 1. XRD pattern of the filter cake. 
The coke and sinter blend used in the millipot experiments was sourced and collected 
from BlueScope’s sinter plant. The chemical compositions of the coke and blend are 
presented in Table 2.  
Table 2. Chemical composition of the green feed (dry basis, coke free) 
Chemical composition Total Fe FeO SiO2 Al2O3 CaO MgO 
Content, wt% 47.8 1.76 5.56 1.51 8.71 1.01 
Chemical composition TiO2 Zn P Mn Free C CaO/SiO2 
Content, wt% 0.09 0.01 0.05 0.31 0.19 1.57 
The tablets for sintering experiments consist of BOS filter cake with addition of 0 - 9 
wt% coke. The filter cake – coke mixture was pressed into tablets at 100 MPa. The 
tablet sintering was carried out using a tube furnace, with the ground mixture pressed 
into cylindrical tablets of 6 mm diameter and ~5 mm high, and weighing ~0.5 g. In the 
millipot tests, tablets of 16 mm diameter and ~10 mm high were used, weighing ~7g. 
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2.2 Sintering Procedures 
2.2.1 Tablet Sintering in Tube Furnace 
Figure 2(a) shows the schematic diagram of the vertical tube furnace used for testing of 
zinc removal from the filter cake tablets [16]. The furnace was preheated to the 
required temperature, and then flushed with nitrogen or an air-nitrogen gas mixture for 
at least 15 minutes. A basket with a specified tablet was then suspended in the furnace. 
The sintering was conducted in the range of 800 - 1300°C in an atmosphere with 
oxygen partial pressure maintained at 0.5 or 0 kPa, using an air-nitrogen mixture or 
pure nitrogen. After 4 minutes sintering, the tablet was lifted to the top of the furnace 
tube to allow cooling before taking it out of the furnace. Sintering temperature was 
predetermined by calibration carried out by inserting a type R thermocouple into the 
furnace tube, with the thermocouple tip at the location of a sintered tablet.  
 
Figure 2. Sintering equipment. (a) Vertical tube furnace; (b) Millipot set-up 
2.2.2 Millipot Sintering 
The millipot (a small-scale sinter pot as presented in Figure 2(b)), was used to simulate 
commercial sinter plant conditions. The sinter tube is a stainless steel column (53 mm 
internal diameter, 490 mm high) surrounded by 50 mm of thermal insulation material. 
Six ports on the side of the column allow for insertion of thermocouples to monitor the 
sintering temperature. Two extra ports are available at the bottom extended section (T7 
and P) for the measurement of off-gas temperature and the suction pressure applied to 
the sinter bed.  
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The sintering process was initiated using an LPG burner located at the top of the 
millipot. The air suction system included a water ring vacuum pump and a buffer 
container, used as a wind box to stabilize the system suction pressure. The wind box 
was half filled with water so that the flue gas generated during sintering could be 
cooled down and cleaned. The suction pressure was controlled using a bypass valve 
[17]. Temperature and pressure data were logged using LabVIEW (2013 service pack 1 
version 13.0.1, National Instruments).  
The coke rate (CR) for the base sinter blend (green feed) was adjusted to 7.43 wt% in 
order to satisfy millipot sintering requirements, i.e. a higher coke rate than industrial 
sintering was used to compensate for higher heat losses from the furnace wall [17, 18]. 
This base blend was used to load the millipot tube, in the sections where no filter cake 
was present. The filter cake was mixed with green feed in the following two ways: (1) 
green feed and filter cake in a 1:1 ratio, with extra coke added to obtain mixtures with a 
coke rate set at 5.43, 7.43 and 9.43 wt% respectively (dry and total solid weight basis); 
the mixture was then placed at specific positions along the millipot tube; (2) filter cake-
coke tablets were placed in the middle position of the millipot tube. The tablets were 
prepared from 115.7 g filter cake and mixed with coke breeze (3, 7 and 11 wt%, dry 
and total solid basis). The tablets were then loaded into the millipot with a further 7.43 
wt% of coke breeze mixed to maintain the coke rate with the other parts. 
The operating parameters of the millipot were as follows: ignition at 1200 °C for 90 s, 
with suction pressure 5.3 kPa; after ignition, the suction pressure was adjusted to 10.7 
kPa. After sintering, the sintered columns were carefully removed from the millipot 
tube and sampled by sectioning from centre and edges.  
2.3 Sample Characterization  
Bulk chemical composition of the filter cake sample and the zinc content in the sintered 
samples were analysed by X-ray fluorescence spectroscopy (XRF). A glass disk was 
prepared from 0.4 g of finely ground sample powder and 4.0 g of 12:22 lithium 
tetraborate: metaborate flux melted at 960 °C. To avoid loss of zinc by reduction of 
carbon residue during melting, the samples were preheated to 800 °C at 2 °C/min in 
oxygen to remove carbon before XRF analysis.  
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Powder X-ray diffraction (XRD) data were collected using a Philips X’Pert 
diffractometer fitted with a Co long-fine-focus tube operated at 40 kV and 40 mA and a 
curved graphite post-diffraction monochromator. Data were collected over the range 
20°≤2θ≤140° in steps of 0.02°, with a counting time of 5 s at each step. Qualitative 
phase analysis was carried out using HighScore Plus (Version 3.0.5, PANalytical 
Australia). 
The morphology and phase composition of the sintered samples were examined by 
optical microscopy (Leica DM6000 Optical Microscope) and scanning electron 
microscopy – energy-dispersive X-ray spectroscopy (SEM-EDS, JEOL JSM – 
6490LV). The samples were mounted in epoxy resin and polished to a 1 μm finish for 
optical microscopic observation. The polished samples were then platinum coated prior 
to analysis by SEM-EDS operated at 15 kV.  
The total carbon content of filter cake was determined by combustion method. A 
weighed filter cake sample in porcelain boat was gradually pushed into a tube furnace 
at 800°C with continuous oxygen flow of 1 NL/min. The CO and CO2 contents in the 
off-gas were analyzed by an infrared absorption gas analyzer (Ultramat 23, Siemens, 
Germany) and carbon content in the sample was calculated accordingly.  
3. Results 
3.1 Zinc Removal from Tablets Sintered in Tube Furnace 
Zinc removal (𝑅𝑍𝑛) from filter cake tablets was examined by sintering tablets, with and 
without the addition of carbon, under different oxygen partial pressures. Figure 3(a) 
shows the effects of oxygen partial pressure and temperature on zinc removal from 
these tablets, without the addition of coke. Zinc removal was very low at 800 °C but 
for all atmospheres used, increased with increasing temperature. It also increased as the 
oxygen partial pressure decreased. For example, the zinc removal in a 100% nitrogen 
atmosphere increased dramatically with an increase in temperature almost linearly until 
1200 °C. Zinc removal was more markedly affected by the oxygen partial pressure at 
temperatures below 1100 °C; above 1100 °C, the effect was less significant. At 
1300 °C, the zinc removal reached 24.6% in nitrogen and 22.0% in air. 
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) × 100%       (1) 
where  𝑅𝑍𝑛 is zinc removal; 𝑚𝑍𝑛




Figure 3. (a) The relationship of zinc removal of filter cake tablet without coke addition 
and sintering temperature under various atmospheres. (b) The relationship of zinc 
content of filter cake tablet and coke content in the tablet at 1300°C.  
Since the starting carbon content of the tested BOS filter cake in the present tests was 
very low, 0.24 wt% (Table 1), coke was added to the filter cake tablets to enhance zinc 
removal. Figure 3(b) presents the effect of coke addition on zinc removal in 0.5 vol% 
O2 at 1300 °C. Addition of 3 wt% of coke had a significant effect by increasing zinc 
removal to 60.6%. Further increasing coke content in filter cake tablets to 9 wt% 
increased zinc removal to 91.4%. Previous work by Shen et al. [19] achieved almost 
100% zinc removal from tablets of manganese furnace dust containing 1.5 wt% zinc 
and 19.5 wt% carbon at temperatures above 1100 °C. Furthermore, exploratory work 
by Wang et al., [20] showed that more zinc was removed from the tablets of a blast 
furnace filter cake-BOS filter cake mixture than those of the pure BOS filter cake, 
because more carbonaceous materials were present in the blast furnace filter cake. 
Therefore, providing sufficient carbonaceous materials to improve the reducing 
atmosphere is critical for zinc removal.  
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3.2 Zinc Removal in Millipot Sintering 
In order to investigate zinc removal performance in the actual sintering process, a 
millipot was employed to simulate industrial sintering conditions. In the first series of 
experiments, the sinter blends consisting of filter cake, additional coke breeze and 
green feed were mixed without tableting, and loaded into one of three different layers 
(see Fig. 5) of the millipot, as shown in Table 3. The zinc content in the original sinter 
material (carbon free) was 3.62 wt%. In general, there were different extents of zinc 
removal from the filter cake containing layers in all sintering experiments; the removed 
zinc, however, deposited in the layer immediately below the filter cake containing layer.  
Table 3. A summary of millipot sintering experiments, showing zinc removal under 
different conditions  
Experiment No. 11 12 13 14 15 16 17 18 
FC layer position C B A B B B B B 
FC type           Untableted              Tableted 
Coke rate, wt% 7.43 7.43 7.43 5.43 9.43 7.43 7.43 7.43 
Extra coke pressed in tablet, wt% - - - - - 3 7 11 
Zn content before sintering, wt% 3.62 3.62 3.62 3.62 3.62 6.85 6.85 6.85 
Zn content after sintering, wt% 2.88 2.85 2.63 2.90 1.10 6.18 4.54 2.28 
Zn removal, % 20.4 21.3 27.3 19.9 69.6 9.8 33.7 66.7 
 
Figure 4. Temperature profiles at different locations along the millipot column 
(Experiment 16 and 18).  (T1, T3, T4, T5, T6: at the centre of the column; T2: at the 
wall; T7: off gas temperature). 
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Figure 4 provides an example of the temperature profiles at different locations along 
the millipot column (Experiment 17). The peak temperatures measured at the centre of 
the millipot column showed an increasing trend overall along the depth of the millipot 
due to the accumulation of heat during sintering.  
The effect of coke content on zinc removal was examined when the filter cake blend 
was loaded in position B (Figure 5(b)). Zinc removal was not changed significantly by 
increasing coke rate from 5.43 to 7.43 wt%. However, further increasing the coke rate 
to 9.43 wt% significantly increased zinc removal to 69.6% (B position). Figure 5(b) 
also shows that zinc was more extensively distributed downwards for a coke rate of 
9.43 wt%.  Notably, in Experiments 11 and 12 (Figure 5(a)), zinc was detected in the 
hearth layer (0.11% and 0.019%), which indicated convective transport of zinc vapour 
and its deposition on the hearth layer. 
Figure 5(c) shows the results for filter cake tablets with coke breeze (3.0, 7.0, and 11.0 
wt% in Experiments 16-18, respectively). The original zinc content in sinter product 
was 6.85wt%. These results show overall improved zinc removal from the filter cake 
compared to untableted filter cake in Figure 5(a) and (b). When the tablets were loaded 
into the middle layer of the millipot, with an additional 7.43 wt% of blended coke 
breeze (based on tablet weight), the higher coke content had a significant effect on zinc 
removal. With increasing coke addition in tablets (3.0, 7.0 and 11.0 wt%), the 
maximum zinc contents in the sintered tablets decreased to 6.18, 4.54 and 2.28 wt%, 






Figure 5. Zinc removal in the millipot. Zinc distributions after sintering in millipot (a) 
when the same blends with 7.43% CR of filter cake, green feed were not tableted and 
loaded at positions A, B and C; (b) when blends with CR of 5.43, 7.43 and 9.43%, 
respectively, of filter cake and green feed were not tableted and loaded at position B; (c) 
when filter cake was tableted with varying coke amounts. (dotted lines are used to aid 
identification; Position A: 60mm-120mm, Position B: 210mm-270mm, Position C: 
340mm-400mm, Position B’: 230mm-270mm).  
4. Discussion 
Zinc in BOS filter cake is present mainly as ZnO and ZnFe2O4 [2, 3]. The removal of 
zinc from filter cake relies on the reduction of these compounds to form zinc vapour at 
high temperatures, where the potential reductants are carbon, metallic iron or CO gas.  
It should be noted that the contents of carbon and metallic iron in filter cake were 0.24 
wt% and 12.0 wt%, respectively (Table 1).  
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Chemical reactions during sintering are complex, involving zinc and iron-containing 
mineral phases, coke and other carbonaceous materials, amongst others. The 
occurrence and extent of these reactions are affected by the temperature and gas 
atmosphere during sintering. In the presence of a reductant, some of the reactions listed 
below, show that at sintering temperatures, ZnO and ZnFe2O4 may form zinc vapour.   
ZnO(s) + C(s) = CO(g) + Zn(g),  
∆𝐺𝑜 = 271793 − 286.17T    (J)      (1) 
3Zn𝐹𝑒2𝑂4(s) + C(s) = 2𝐹𝑒3𝑂4(s) + 3ZnO(s) + CO,   
∆𝐺𝑜 = 133739 − 230.77T     (J)      (2) 
ZnO(s) + Fe(s) = FeO(s) + Zn(g),  
∆𝐺𝑜 = 165500 − 137.77T     (J)      (3) 
Zn𝐹𝑒2𝑂4(s) + Fe(s) = 𝐹𝑒3𝑂4(s) + Zn(g),  
∆𝐺𝑜 = 166479 − 150.47T     (J)      (4) 
ZnO(s) + CO(g) = 𝐶𝑂2(g) + Zn(g),  
∆𝐺𝑜 = 153233 − 115.61T     (J)      (5) 
3Zn𝐹𝑒2𝑂4(s) + CO(g) = 2𝐹𝑒3𝑂4(s) + 3ZnO(s) + 𝐶𝑂2,  
∆𝐺𝑜 = 14620 − 59.792T     (J)      (6) 
CO used for Reactions (5) and (6) is from that generated from Reactions (1) and (2), or 
formed by the oxidation of carbon (e.g. coke). Due to the presence of carbon in the 
sintering systems investigated, the localised partial pressure of CO2 can be maintained 
at very low levels through its conversion to CO via the Boudouard reaction. Reactions 
(5) and (6) represent the indirect reduction reactions of zinc-containing minerals and 
are important for zinc removal because carbon and iron are not always in direct contact 
with the zinc-containing minerals during sintering, and CO provides a route for gas 
phase mass transfer.  
Based on the results in Figure 3(a), a small fraction of zinc, up to approximately 25%, 
was removed due to carbon and metallic iron existing in the filter cake. Figure 3(b) 
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shows that with the addition of coke in the tablets, a much greater fraction of the zinc 
could be removed. In this case, normal size (<7 mm) coke breeze was mixed in the 
blend, which means that the added reductant was not finely and evenly distributed in 
the tablet. While contact between filter cake and coke particles was limited, indirect 
reduction via carbon monoxide, Reactions (5) and (6), could proceed at high 
temperatures.  
As shown in Figure 3(a), zinc removal increases with increasing temperature and 
decreasing oxygen partial pressure. At a higher temperature, besides combustion with 
oxygen, coke played a more significant role as a reducing agent. In an inert atmosphere, 
carbon was consumed only by reduction reactions, and the reducing atmosphere 
generated by coke lasted for a longer time, supported by residual carbon in sintered 
tablet. Higher temperature and lower oxygen partial pressure promote zinc removal. 
Increasing the coke content in tablets (Figure 3(b)) increased the reducing atmosphere 
in the tablet and improved zinc removal conditions.  
4.1 Zinc Migration in Tablets 
Figure 6 presents the optical micrograph of a filter cake tablet with 7.00 wt% coke, 
sintered in a 0.5% O2 atmosphere at 1300 °C for 4 minutes, together with the 
corresponding BSE images and EDS elemental mapping analyses for two 
representative local zones within the sample (viz. zone a: in the centre of tablet and 
close to coke; zone a’: higher magnification of rectangle denoting zone a; zone b: on 
the edge of tablet). The main phase was observed to be magnetite, as this is resulted 
from the decomposition of hematite at high temperature by Reaction (7). Some 
discretely distributed residual coke, metallic iron and flux originally in the filter cake 
are also observed, examples of which are marked on the image. Magnetite, metallic 
iron and coke particles indicate that locally reducing atmospheres exist in the tablet, 
and this provides favourable conditions for zinc removal.  
6𝐹𝑒2𝑂3(s) = 4𝐹𝑒3𝑂4(s) + 𝑂2(g),  
∆𝐺ɵ = 479433 − 293.6T     (J)      (7) 
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According to Zn mapping of the tablet (see Figure 6(a), (a’) and (b)), zinc was not 
detected within the tablet bulk; zinc was detected on the external surface of the tablet, 
including the surface of large pores and cracks. This suggests that zinc was initially 
reduced and vaporized, but a fraction of the zinc vapour was re-oxidized by Reactions 
(8) and (9) below, and deposited on the surface of materials close to the crack and edge 
of tablet where the partial pressure of oxygen was likely higher.  A ZnO shell is formed, 
in which the zinc content reached as high as ~75 % (Table 4). Zinc content of the 
magnetite (solid) phase (M1-M4 in Figure 6(a) and (b)) was in the range 0.63 - 0.89 
at%, while that in the melting phase (S1 and S2) was very low (~0.08%). This was 
because ZnFe2O4 and Fe3O4 have the same spinel structure and could form solid 
solutions, in which zinc ion could replace Fe
2+
 in magnetite [21]. Therefore, small 
amounts of zinc dissolved in the magnetite formed during sintering, which restricted 




𝑂2(s) = 2ZnO(s),  




𝑂2(s) + 𝐹𝑒2𝑂3(s) = Zn𝐹𝑒2𝑂4(s),  







Figure 6. Optical micrograph of a filter cake tablet with 7 wt% coke sintered under 0.5% 
O2 at 1300 °C for 4 minutes and BSE images and EDS mapping of zone a (taken from 




𝑂2(s) = 2ZnO(s), ∆𝐺




𝑂2(s) + 𝐹𝑒2𝑂3(s) = Zn𝐹𝑒2𝑂4(s), ∆𝐺
ɵ = −431599 + 202.85T     (J) (9) 
Besides depositing on the particle surface of minerals, a thin layer of ZnO also deposits 
on the coke surface in Figure 6(a). However, the ZnO layer and coke in Figure 6(a’) 
were separated by a layer of melting phase containing Fe, Ca, Si and Al and void (filled 






Table 4. Elemental composition (at%) of grains marked in Figure 6 (a), (a’) and (b).  
Site Z1 Z2 Z3 Z4 Z5 Z6 Z7 Z8 M1 M2 
C * * * * * * * * * * 
O 53.3 50.2 52.0 50.6 50.9 50.1 52.7 46.4 52.7 52.7 
Mg 0.11 1.01 0.27 0 0.02 0.43 0.47 0.24 2.98 4.21 
Al 0.74 0.78 0.17 0.64 0.03 0.38 0.08 0.04 0.44 0.20 
Si 0.33 1.94 0.07 0.40 0.03 0.39 0.09 0.00 0.00 0.04 
P 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
S 0.00 0.00 0.11 0.02 0.13 0.58 0.45 0.5 0.03 0.01 
Ca 0 3.41 0.34 0.57 0.17 1.47 1.88 0.55 0.88 0.66 
Mn * * * * * * * * 0.76 0.81 
Fe 2.53 2.8 6.12 2.24 3.13 4.28 20.6 5.3 41.6 40.5 
Zn 42.6 39.9 41.0 45.5 45.6 42.3 23.8 47.0 0.63 0.82 
Total 100 100 100 100 100 100 100 100 100 100 
Site M3 M4 S1 S2 S3 S4 C1 C2 R1 R2 
C * * * * * * 95.9 956 88.8 87.9 
O 52.5 52.4 62.1 60.8 59.6 55.2 3.88 4.11 10.9 11.9 
Mg 3.27 4.02 0.14 0.07 1.14 0.38 0.00 0.00 0.00 0.00 
Al 0.15 0.20 0.24 0.21 6.28 7.60 0.01 0.02 0.02 0.01 
Si 0.52 0.02 10.8 10.4 7.99 6.69 0.01 0.01 0.02 0 
P 0.00 0.00 1.08 1.32 0.16 0.00 0.00 0.00 0.00 0.00 
S 0.08 0.01 0.65 0.11 0.03 0.02 0.12 0.11 0.04 0.03 
Ca 2.62 1.48 22.9 24.3 16.8 7.76 0.00 0.01 0.00 0.01 
Mn 0.82 0.80 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 39.3 40.3 2.11 2.75 3.28 11.3 0.07 0.12 0.11 0.11 
Zn 0.72 0.89 0.03 0.04 4.69 11.1 0.00 0.03 0.05 0.05 
Total 100 100 100 100 100 100 100 100 100 100 
Z: high zinc area; S: melting phase; M: magnetite; C: coke; R: resin 
* Carbon was not counted in the elemental composition.   
4.2 Zn Migration in a Sintered Column with Untableted Filtercake 
Figure 7 shows the BSE images and EDS mapping of a piece of sinter, taken from the 
sinter column of the millipot (Experiment 12) and located at a depth of -250 mm.  In 
this experiment, a filter cake blend with a coke rate of 7.43 wt% was used (Figure 5). 
Zinc oxide is shown to be distributed on the surface of a large pore, where the local gas 
atmosphere can be changed easily by the overall sintering atmosphere due to better 
void space connectivity. This suggests that zinc oxide and zinc ferrite in the filter cake 
were reduced in the local reducing gas atmosphere from carbon enriched areas, and 
then the zinc vapour diffused into the big pores where it was partially re-oxidized and 
deposited on the surface of solid minerals (Z9-Z12) while the rest diffused and was 
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blown downward, indicated by the XRF results in Figure 5. The zinc content of the 
deposit zone (Z9-Z12) ranged from 9.00 – 12.4 at%, supporting zinc vapour re-
oxidation and deposition resulting from a local change of atmosphere. Therefore, 
maintaining a reducing atmosphere during reduction of zinc-bearing materials and 
diffusion of zinc vapour was critical. The move downwards of zinc by re-oxidation and 
deposition was also observed by Shen et al. in the normal sinter pot testing of 
manganese ore sintering with additional manganese furnace dust [22]. 
 
Figure 7. BSE images and EDS mapping of a sinter lump in position of -250 mm of 
Experiment 12 (refer to Figure 5) of millipot sintering. 
Table 5. Elemental composition (at%) of the grains marked in Figure 7 (a’) 
Sites Z9 Z10 Z11 Z12 Z13 M5 M6 M7 S5 S6 S7 
O 62.6 55.6 60.4 63.6 58.1 53.9 53.3 53.6 56.4 62.9 58.3 
Mg 0.46 0.90 0.57 0.53 0.59 1.31 1.48 2.29 0.09 0.02 0.14 
Al 1.36 1.29 0.97 1.12 1.05 1.57 1.16 1.00 0.83 0.07 0.11 
Si 1.93 0.01 3.15 3.08 7.10 0.00 0.00 0.05 15.6 13.4 12.7 
P 0.06 0.01 0.05 0.21 0.31 0.00 0.14 0.01 0.31 0.84 2.59 
S 0.10 0.03 0.07 0.05 0.00 0.04 0.12 0.00 0.15 0.00 0.03 
Ca 1.54 0.40 4.09 2.67 5.12 0.80 1.56 0.83 24.3 22.1 24.6 
Mn 0.00 0.31 0.00 0.00 0.00 0.36 0.43 0.30 0.00 0.00 0.00 
Fe 19.6 29.5 21.7 17.7 18.4 39.9 39.6 40.2 2.22 0.74 1.46 
Zn 12.4 12.0 9.00 11.0 9.37 2.13 2.15 1.71 0.08 0.08 0.03 
Total 100 100 100 100 100 100 100 100 100 100 100 
4.3 Zn Migration in a Sintered Column with Tableted Filter Cake 
Figure 8 shows the optical micrograph of a cross-section of the sinter column from 
Experiment 17 in the tablet layer and the BSE images and corresponding EDS zinc 
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mapping of six zones across the cross-section. From Figure 8(a) and (a’), a ZnO-rich 
layer was observed on the edge of a sintered tablet close to the millipot wall, which 
indicates that ZnO and ZnFe2O4 in the tablet were reduced and zinc vapour diffused 
outward, but some zinc vapour was re-oxidized and deposited on the surface of the 
tablet where oxygen potential was high because of the air flow. The zinc content in the 
ZnO layer was as high as 78.2 wt% (Table 6). Spectra M8-M13 (Table 6) revealed that 
the zinc content in the magnetite increased from the centre to the edge, from 1.53 - 7.56 
at%, which indicated zinc formed ZnFe2O4 in magnetite phase. The concentration 
gradient shows the effect of oxygen potential gradient caused by the counter-diffusion 
of oxygen into the tablet.  
 
Figure 8. Optical micrograph of the cross-section of sinter column from millipot 
sintering Experiment 17 in position of -250 mm depth and BSE images and EDS 
mapping of zones (a), (a’), (b), (b’), (c) and (d). 
Figure 8(b) and (b’) show that ZnO also deposited on the inner surface of tablet cracks. 
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During sintering at high temperature, some cracks appeared gradually with thermal 
shrinkage and melting phase formation. Inherent reductants in the filter cake and added 
coke reduced ZnO and ZnFe2O4 to zinc vapour, generating gas species flowing 
outward through the tablet. This process favoured the maintenance of a reducing 
atmosphere to avoid zinc vapour re-oxidation and deposition within the tablet and 
removal of zinc from the tablet. However, the formed cracks allow the diffusion of 
oxygen into the tablet and so more oxidation of zinc vapour into deposited ZnO on the 
crack surfaces. Figure 9 (b’) presents the change of zinc content along the line in 
Figure 8(b’), the crack surface zone. It shows that zinc content increased from the inner 
of tablet to the cracked surface, reaching ~60 wt% zinc in the layer of deposited ZnO. 
This observation is consistent with the point analysis in zone a’. 
 
Figure 9. Zinc content of line scan curve in Figure 8(b’) and (c) 
Figure 8(d) shows the edge zone of a tablet close to the millipot centre. The zinc 
content detected on the edge of tablet as represented by Z20 - Z22, was only about 10 
wt%. The zinc content in the magnetite minerals close to the edge of the tablet was 
quite low, 0.15 – 0.27 at%, respectively at M18 and M19. The zone is close to a large 
pore and so was conducive to the air flow taking zinc vapour away, and the tableting of 
the filter cake material with coke ensured effective reduction of ZnO and ZnFe2O4 
185 
 
within the tablet, thus a lower proportion of zinc vapour was re-oxidized and deposited 
on the pore surface due to the high temperature reached.  
The proposed zinc distribution above is supported by observations of the zone in 
Figure 8(c) which had one edge exposed to the large pore inside the sinter column, 
while the other side was close to the millipot wall. The zinc distribution shown in 
Figure 9(c) by EDS mapping, along the line in Figure 8(c), shows that little zinc was 
deposited on the surface of the internal pore, but significant ZnO deposition took place 
on the wall side. The zinc content at Z19 and Z20 was 8.86 and 11.0 at%, respectively, 
while zinc was not detected in the magnetite mineral, M16-M17, and in the melting 
phase, S8 and S9, in Figure 8(c). This suggests that high zinc removal could be 
achieved in the part not affected by the millipot wall. 
Table 6. Elemental composition (at%) of the grains marked in Figure 8 (a’) and (b’) 
Sites Z14 Z15 Z16 Z17 Z18 Z19 Z20 Z20 Z21 Z22 M8 M9 
O 49.1 48.7 49.9 47.5 50.4 57.7 58.3 56.3 57.1 56.8 59.6 59.4 
Mg 0.82 0.21 0.00 0.04 0.18 0.47 0.34 1.80 1.83 2.14 4.69 4.26 
Al 0.15 0.09 0.21 0.2 0.16 0.52 0.63 1.44 0.82 0.83 0.31 0.35 
Si 0.09 0.02 0.07 0.19 0.03 0.52 0.06 0.11 0.11 0.00 0.34 0.40 
P 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.00 
S 0.16 0.00 0.06 0.06 0.01 0.02 0.09 0.02 0.10 0.02 0.00 0.00 
Ca 0.19 0.03 0.07 0.27 0.06 0.58 0.40 0.49 0.37 0.48 1.49 2.43 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.31 0.00 0.45 0.57 0.44 
Fe 9.47 1.89 1.73 4.4 4.31 31.3 29.2 33.5 33.1 35.5 31.5 30.2 
Zn 40.0 49.0 48.0 47.3 44.8 8.86 11.0 5.93 6.61 3.68 1.53 2.47 
Total 100 100 100 100 100 100 100 100 100 100 100 100 
Sites M10 M11 M12 M13 M14 M15 M16 M17 M18 M19 S8 S9 
O 59.8 54.8 57.6 58.4 60.8 60.5 59.1 59.1 59.8 59.6 62.5 63.8 
Mg 4.91 4.18 4.79 4.26 1.55 1.12 0.59 0.72 1.32 1.61 0.04 0.21 
Al 0.56 0.38 0.34 0.37 0.13 0.00 1.41 1.49 1.13 0.78 2.66 2.26 
Si 1.22 2.41 0.09 0.72 0.84 0.10 0.63 0.25 1.84 1.40 13.0 13.7 
P 0.00 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.28 0.20 
S 0.05 0.03 0.03 0.09 0.03 0.08 0.03 0.04 0.04 0.04 0.04 0.02 
Ca 3.24 2.71 1.41 1.24 2.03 0.83 2.00 0.59 4.82 4.31 17.3 15.7 
Mn 0.58 0.45 0.38 0.43 0.89 0.59 0.00 0.2.0 0.18 0.30 0.00 0.00 
Fe 27.7 30.4 28.9 26.9 32.1 33.4 36.2 37.7 30.7 31.7 4.15 4.14 
Zn 1.90 4.55 6.52 7.56 1.65 3.40 0.00 0.00 0.15 0.27 0.01 0.00 
Total 100 100 100 100 100 100 100 100 100 100 100 100 
186 
 
Although the peak temperatures at the centre were high in Figure 4, the peak 
temperature close to the millipot wall was low (e.g. Thermocouple T2 on port 2 only 
reached 548°C), and below the boiling temperature of zinc, 907°C. At this low 
temperature, the reduction of ZnO and ZnFe2O4 is not effective; instead, zinc vapour 
from centre of millipot could condense to liquid on the surface of solid materials if the 
temperature was low, and then could be re-oxidized to form the observed ZnO-rich 
layer, or it also could be re-oxidized and adhere to other material surface if the oxygen 
potential is high. This wall effect played a negative role in zinc removal from the filter 
cake in millipot sintering, but would be negligible in a commercial sinter plant. 
4.4 Overall Behaviour 
In millipot sintering Experiments 11, 12 and 13, zinc removal of filter cake was very 
limited, although the peak temperatures reached in the filter cake layers were expected 
to be different. In comparison, a more significant difference was observed between 
Experiments 12, 14 and 15. A higher coke rate in the filter cake blend removed more 
zinc from the layer, since higher temperatures are likely to have been reached and for a 
longer time. An example in Figure 4 is that T4 with more coke rate in tablet reached 
high temperature for longer time. The most promising results were obtained with tablet 
sintering. The coke pressed into the tablets assisted in creating a more reducing 
atmosphere within the tablet, thereby assisting the reduction of ZnO and ZnFe2O4 to 
zinc vapour, which then diffused out from the tablet. The pressed tablet guaranteed the 
reducing atmosphere promoted by the carbonaceous material was disturbed to 
the minimum extent, which created an excellent atmosphere for zinc reduction and 
removal.  
In the millipot sintering, the zinc vapour removed from the filter cake was re-oxidized 
and deposited on the lower layer of sintered material, particularly where the 
temperature was low. Loading the tableted filter cake at the bottom of the green feed 
(above the hearth layer) is expected to be the most favourable for effective zinc 
removal from the sinter product. 
According to the above analysis, the mechanism of zinc removal from a filter cake 
tablet during sintering is presented in Figure 10. Reductants C, CO and metallic iron 
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reduce ZnO and ZnFe2O4 to zinc vapour. When zinc vapour diffuses out of a tablet, a 
fraction of it is carried away in a relatively reducing atmosphere above zinc’s boiling 
temperature, while some is re-oxidized to ZnO and ZnFe2O4 under intervention of 
oxygen, or is liquefied to zinc on the tablet surface at low temperature, and then re-
oxidized to ZnO. In a sinter bed, the zinc vapour transported down to a lower position 
is condensed and re-oxidised and deposited on the material surface. It could be 
assumed that when the flame front, the region of space where the combustion reaction 
takes place, reaches the layer of deposited ZnO, it could be reduced again by inherent 
and added reductant and further moved downward. The repeat of the above process 
caused a proportion of zinc moving downward in the bed. Finally, a fraction of zinc 
may be removed from the sinter bed. The detection of an increase in zinc content in the 
hearth layer in Figure 5 is an indication of zinc transport in the sinter bed. Therefore, 
the way to reduce the reduction-reoxidation-reduction process is to load the filter cake 
tablet at the bottom of sinter bed. 
 
Figure 10. Schematic of the mechanism of zinc removal from filter cake tablet (the 




Zinc removal by sintering from a filter cake generated in basic oxygen steelmaking was 
examined in tablet testing and millipot sintering under simulated commercial sinter 
plant conditions. The major findings are summarized below: 
Inherent coke and metallic iron in filter cake play the role of reductant in zinc removal 
during sintering. Zinc removal from the filter cake tablets increased with the increase in 
temperature and decrease in oxygen partial pressure. In a nitrogen atmosphere at 
1300°C, zinc removal from a tablet reached 24.6%. Addition of coke breeze into the 
filter cake tablets in the range of 3 to 9 wt% increased zinc removal from 60.6% to 91.4% 
at 1300 °C in an atmosphere of 0.5 vol% oxygen.  
In millipot sintering, loading filter cake blend with coke rate at 7.43 wt%, which is the 
level suitable for sintering iron ores, zinc removal was very low (~21%). Increasing 
coke rate to 9.43 wt% enhanced local zinc removal to 69.6%, and zinc was moved 
downward farther in the sintering bed. 
Loading filter cake into the millipot in the form of tablets with additional coke 
significantly improved the zinc removal effect. A reducing atmosphere generated 
inside the tablets created conditions to reduce ZnO and ZnFe2O4 to zinc vapour. Zinc 
removal from the tablets reached 66.7% when 11 wt% of coke was added in the filter 
cake for tableting.  
Zinc removal from the filter cake in millipot sintering was affected by the deposition of 
zinc oxide on the materials close to the wall with lower temperature. However, this 
negative effect (wall effect) would be negligible in a commercial sinter plant. It is 
suggested that the tableted filter cake be loaded at the bottom of a commercial sinter 
bed so as to minimize the deposition of zinc within the bed and maximize the removal 
of zinc. 
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Chapter 7. Conclusions and Recommendations for 
Further Work 
7.1 Conclusions 
In this project, four specific aspects were investigated: 1) the setup, commissioning and 
demonstration of a millipot facility; 2) the corresponding sintering conditions to obtain 
similar morphology and mineral compositions of the sinter products from three 
sintering scales (tablet, millipot and industrial scales); 3) the characteristics of the iron 
ores used in this thesis; 4) the interaction between minerals in different ores and fluxes 
in sintering process.  
A small-scale sintering pot (millipot) facility has been established and demonstrated to 
be useful for the examination of the sintering performance of iron ores and other non-
traditional ferrous materials. To achieve appropriate operation and sinter performance 
similar to that for the industrial sintering process, the materials loaded in the millipot 
column needed to be compacted to increase the bulk density, and a higher coke rate 
was required to compensate for the high heat loss caused by wall effect. A higher 
suction pressure was also necessary to maintain an oxidising atmosphere in the sinter 
bed. As expected, it was not possible to completely eliminate the wall effect, which 
resulted in the formation of more primary hematite at edges of the sintered column 
compared with the industrial sinter materials. Heavier compacting at the periphery of 
the column could minimise the wall effect. The sinter sample from the centre of 
column simulated industrial sinter reasonably well. As such, the millipot facility 
provides a practical technique to evaluate the sintering process and material 
performance at laboratory scale, helping to bridge the gap between tablet sintering and 
large scale pot sintering, or full scale plant trials. The results of millipot testing can be 
used for designing larger scale experiments or commercial sintering trials. Based on a 
comparison of microstructure and mineral composition of the sinter products produced, 
a tablet sintered at 1275 °C with 0.5% O2 for 4 minutes, followed by further sintering 
in air for 3 minutes, and a millipot sinter produced with coke rate 6%, suction pressure 
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14.0 kPa/m during ignition and 28.8 kPa/m during sintering were most similar to the 
industrial sinter investigated. 
Three representative iron ores were characterised in the project. Ore A is a traditional 
hematite ore with mirco-platy hematite/martite structure. Ore B is a non-traditional 
hematite with stratiform structure of hematite/martite and goethite. Ore C is a typical 
goethitic ore (the channel iron deposits). Compared with Ores A and B, the mineral 
phases in Ore C were complex, including goethite, quartz, hydrohematite, quartz-
dispersed hydrohematite, and quartz-dispersed goethite. 
The investigation on the interaction between the mineral phases in the iron ores and 
fluxing materials shows that CaO is the most effective flux for liquid phase generation 
during sintering. For traditional hematite Ore A, the formation of initial liquid phase 
became obvious at ~1275 °C, and the liquid phase content increased dramatically with 
increasing temperature to 1300 °C. For the goethite-containing hematite, Ore B, the 
formation of an initial liquid phase through interaction between goethite and CaO was 
observed when heating to 1225 °C, and all goethite transformed into liquid phase at 
1250 °C.  The porous morphology of dehydrated goethite and finely distributed quartz 
bring about a high assimilation with CaO. The initial liquid phase penetrated into the 
pores within the hematite matrix, promoting the assimilation of the hematite phase. 
With increasing temperature to 1300 °C, all hematite in Ore B was melted. In 
comparison, the hematite/martite phase in Ore B was much easier to assimilate than 
that in Ore A due to the presence of goethite.  
Similar to Ore B, the goethite matrix, as the major mineral phase of Ore C, took a key 
role in the interaction with CaO. At 1200 °C, no apparent liquid formation was 
observed. CaO diffused into the goethite matrix, and first reacted with SiO2 to form 
CaO∙(SiO2)x because of their strong affinity. Then CaO combined with Fe2O3 and 
formed CaO∙(Fe2O3)x. When heated to 1225 °C, CaO∙(Fe2O3)x and 
CaO∙(Fe2O3)x∙(SiO2)y phases formed by solid state reaction started to melt. With 
increasing temperature, more liquid phase was generated. Whole ore particles were 
nearly melted, with only a few dense ore residues observed in the samples heated to 
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1300 °C. Other mineral phases in the goethitic ore are less reactive due to their dense 
structure. 
MgO is a much less reactive fluxing material compared with CaO. MgO diffused into 
the mineral grains of hematite and dehydrated goethite by solid state diffusion and 
formed a solid solution (Fe, Mg)O∙Fe2O3 without the formation of a liquid phase when 
heated up to 1300 °C. The product layer of MgO diffusion into hematite was limited to 
approx. 60 μm at 1300 °C. The porous morphology and a small amount of impurities in 
goethite facilitated MgO diffusion into goethite. However, the gaps and cracks caused 
by dehydration from goethite phase significantly restricted solid phase diffusion of 
MgO.  
There was negligible interaction between the fluxes Al2O3 and SiO2 and the ores when 
heating up to 1300 °C. 
7.2 Recommendations  
Chapters 2 and 3 reported the millipot setup and commissioning, and investigated the 
corresponding sintering conditions to obtain similar morphology and mineral 
compositions of the sinter products from three sintering scales (tablet testing, millipot 
run and industrial sinter plant). However, the correlation of metallurgical properties of 
sinter products with their morphology and mineral composition is a challenging topic 
requiring further investigation. 
Chapters 4 and 5 reported the characterization of hematite ores and goethitic ore, and 
the interaction between mineral phases in iron ores and fluxing materials. However, the 
characterization of ore mineral phases in the thesis is just an overall classification, from 
a metallurgical perspective. A more detailed characterization of the mineral phases 
should be undertaken, especially with respect to sintering performance. In addition, a 
comparison of some tablet testing conditions and data with sinter pot tests (and data) 
would be very useful in validating the former and provide more support for its use in 
comparing with industrial sinter plant product. 
In Chapter 6, briquetting method of filter cake was introduced to avoid the effect of 
overall oxidizing atmosphere and keep longer time reduction atmosphere in the 
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briquette. Zinc removal could reach 67% in the final results, but there are still many 
unclear questions to be explored. Those unclear points during my experiments and 
analysis are listed as follows. 
 Characterization of 1st, 2ndand 3rd generation filter cake, especially the 
qualitative and quantitative characterization of ZnO and ZnO∙Fe2O3 as well as 
the self-sintering phenomenon during the stockpile; 
 Investigation of ZnO and ZnO∙Fe2O3 formation process and generation stage 
during BOS steelmaking process; 
 Thermodynamic and kinetic investigation on reduction of ZnO and ZnO∙Fe2O3; 
 Investigation of best distribution of filter cake in sinter bed that can be reduced 
most effectively during sintering; 
 Investigation of influence of coke breeze distribution and particle size on 
reduction of ZnO and ZnO∙Fe2O3; 
 Investigation of feasibility of briquettes loading on top of hearth layer or 
replacing hearth layer, in which zinc vapor escaping from sinter bed can be cut 
across; 
 How to collect oxides of zinc vapor in millipot, which helps the zinc mass 
balance during zinc removal; 
 How does zinc vapor deposit on materials? Does zinc vapor have selective 
deposition on mineral phases rich in Al, Si? 
 Finally, how to make the results industrialized in the sinter plant? 
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Abstract  
Many different approaches have been used in the past to characterise iron ore sinter 
mineralogy to predict sinter quality and elucidate the impacts of iron ore characteristics 
and process variables on the mechanisms of sintering.  Characterisation techniques 
include optical image analysis and point counting, X-ray diffraction and scanning 
electron microscopy.  Each technique has its advantages and disadvantages depending 
on the objectives of the measurement.  It is generally acknowledged that silicoferrite of 
calcium and aluminium (SFCA) is very important to the quality of the sinter produced, 
however, strict definitions of the phases and textures of SFCA are not generally agreed.  
This paper summarises the state of the art in sinter characterisation applied in Australia 
by both academics and industrial researchers.  The results from various techniques are 




In recent times the blend of iron ore fines used by sinter plants in Asia has changed due 
to the introduction of new iron ore products, with potential impacts on the mineralogy 
and the quality of the sinter produced. The phases present and the microstructure of 
sinter are known to impact on physical strength and reducibility, for example, the 
formation of a silicate glass matrix is undesirable since it has low physical strength and 
low softening temperature in the blast furnace. At the same time, a number of 
improvements have been made in analysis techniques, particularly in our ability to 
quantify X-ray diffraction (XRD) results and automate image analysis routines. One of 
the challenges in quantification of sinter mineralogy lies in the definition of the sinter 
phases and microstructures. Agreeing on a common language and description of the 
system will assist sinter scientists and producers to communicate, analyse results, and 
to improve iron ore sintering operations. 
Microscopic point counting of crushed product sinter has traditionally been the main 
tool for quantitative evaluation of sinter mineralogy and remains important. The use of 
SEM-based and optical image analysis (OIA) for iron ore sinter analysis also goes back 
many years (Jenkins, Lovel and Thurlby, 1991; in Sutherland and Gottlieb, 1991).  In 
this paper, the results from two current optical image analysis techniques are compared 
with those from point counting. 
Considerable variation is found in the published literature in the definition of sinter 
phases, particularly the recognised varieties of silicoferrite of calcium and aluminium 
(SFCA) (Dawson, Ostwald and Hayes, 1985), which is the primary bonding phase in 
the majority of iron ore sinter, with one exception being the sinter formed from some 
high temperature magnetite-bearing blends (Clout and Manuel, 2003).  Less complex 
calcium ferrites are also formed during the sintering process (Scarlett et al, 2004), but 
are typically replaced by SFCA at the higher temperatures typical of industrial iron ore 
sintering.  It is generally accepted that two main morphological forms of SFCA occur, 
which are commonly referred to in the literature as ‘fibrous/acicular’, or platy and 
‘columnar/blocky’, or prismatic.  The variable usage of these morphological terms may 
create some confusion; for instance, Zhang et al (2012) referred to ‘acicular SFCA-I’ 
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and ‘columnar or platy SFCA’.  In this paper, the two main SFCA phases are referred 
to as platy SFCA-I and prismatic SFCA, respectively, based on their three-dimensional 
morphology as seen on fractured surfaces under the SEM.  In addition, a number of 
other textural sub-types are recognised, including dense SFCA (intergrown and/or 
coarsely prismatic) and dendritic SFCA (late-stage, melt-precipitated). 
A number of studies have been carried out at CSIRO on in situ XRD of simulated 
sinter melts using laboratory and synchrotron hot stages under controlled atmosphere 
(Scarlett et al, 2004; Webster et al, 2014; 2011). In recent years, increasing interest has 
been shown in the use of quantitative XRD for rapid, routine analysis of iron ore and 
sinter, particularly via the use of cluster analysis (König, Gobbo and Reiss, 2012). 
Structural determination by XRD of the two main ‘SFCA’ phases (Mumme, Clout and 
Gable, 1998), confirmed by Pownceby et al (1999) in phase stability studies, showed 
that these phases, SFCA-I and SFCA, exist both in discrete compositional ranges and 
have distinct crystallographic structures, which are presumed to correspond to the platy 
and prismatic morphology, respectively.  Compared with SFCA, SFCA-I has a 
relatively high Fe, low Si composition and has a lower temperature stability range. 
QEMSCAN analysis of iron ore sinter was compared with point counting and XRD in 
a study by Tonzetic and Dippenaar (2011) and significant differences in results were 
found.  One of the major issues identified was the correct discrimination of hematite 
and magnetite, which is known to be difficult in scanning electron microscopy (SEM) 
based techniques due to the very similar chemistry (Fe:O ratio) and backscattered 
electron (BSE) reflectivity of these phases.  Similar issues were found by Donskoi et al 
(2014). 
Given the wide range of techniques that can be and are being applied to analysis of 
sinter mineralogy, and the apparent difficulty in reconciling the results of these 
techniques, a series of workshops was held to share knowledge on iron ore sintering 
and agree on approaches for charactering sinter mineralogy. The parties involved were 
the Australian Research Council (ARC) Research Hub for Advanced Technologies for 
Australian Iron Ores (University of Newcastle, BHP Billiton), ARC Research Hub for 
Australian Steel Manufacturing (BlueScope Steel, University of Wollongong), CSIRO 
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Mineral Resources and the University of Queensland. It was decided to conduct a 
‘round robin’ evaluation of a reference industrial iron ore sinter sample provided by 
BlueScope Steel, using a variety of techniques available at one or more of the 
participating institutions, including modal mineralogy point counting under the 
reflecting light microscope, optical image analysis, quantitative X-ray diffraction 
(XRD), Electron Microprobe analysis (EPMA), and chemical analysis by X-ray 
fluorescence (XRF).  The results are presented in this paper. 
2. Analysis Techniques  
2.1 Overview 
Table 1. Average chemical analysis for the sinter sample. 
Analyte Fe Fe
2+
 Fe2O3 FeO SiO2 Al2O3 P 
(wt%) 57.38 5.45 74.25 7.01 5.56 1.8 0.06 






(wt%) 9.24 0.95 0.03 0.37 0.24 99.5 1.66 
 A sinter sample supplied by BlueScope Steel was circulated to the various laboratories 
for analysis. Both a representative sub-sample of crushed sinter and a reference 
polished section were circulated to the laboratories.  Each laboratory used a range of 
techniques to analyse the different phases in sinter. The techniques used at each centre 
for sinter mineralogy are summarised as follows: 
 University of Newcastle (UON). Sinter mineralogy was analysed by optical 
point counting, and bulk chemistry and FeO were analysed by XRF and wet 
chemistry respectively. 
 BlueScope Steel Ltd. (BSL) Port Kembla. Sinter mineralogy was analysed by 
optical point counting, and bulk chemistry and FeO were analysed by XRF and 
wet chemistry respectively. 
 CSIRO Mineral Resources (Clayton and QCAT). Sinter mineralogy was 
analysed by optical point counting, the Mineral4/Recognition4 optical image 
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analysis system and quantitative XRD. Bulk chemistry and FeO were analysed 
by XRF and wet chemistry respectively.  EPMA mapping was also carried out 
to assist with definition of sinter phases. 
 University of Wollongong (UOW). Sinter mineralogy was analysed by image 
analysis and quantitative XRD. 
 University of Queensland (UQ).  EPMA analysis was carried out to assist with 
definition of sinter phases. 
The bulk chemistry of the sample is given in Table 1. 
Table 2. Sample preparation summary. 
Preparation 
step 
Laboratory 1 Laboratory 2 Laboratory 3 Laboratory 4 








(jaw crush + 
ring mill 3 
seconds) 

















9 µm 5 min 
3 µm 5 min 
1 µm 5 min 
Auto polish 
Water-based 
1 µm 2 min 
0.3 µm 2 min 
Hand polish 
Water-based 
6 µm 4 min 
3 µm 10 min 
1 µm 4 min 
Auto polish 
Water-based 
9 µm 4 min 
3 µm 4 min 
1 µm 4 min 
Auto polish 
Water-based 











*to prevent particle segregation during mounting; i.e. vertical sectioning 
**normally 1000 points counted, not necessarily covering the entire block 
2.2 Reflected Light Microscopy 
Point counting under a reflecting light microscope is a typical method used to 
characterise sinter mineralogy, including segmentation between primary and secondary 
hematite and between different textural types of SFCA. Details of the sample 
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preparation steps for optical mineralogy typically used by the participants are given in 
Table 2.  Point counting of sinter mineralogy is typically carried out using a stepping 
stage, mounted on the stage of the microscope, with an eyepiece graticule for location.  
The step size is set up to obtain a statistically representative data set, ideally covering 
the whole surface of the polished mount in case of any distribution bias (e.g. particle 
size, density segregation) introduced during mount preparation.  Each point is counted 
within a designated category and no data is recorded if the graticule intersecting 
crosshairs are located outside the boundary of a sinter particle.  A consistent technique 
is normally applied in cases where the crosshairs intersect the boundary between two or 
more phases, in which the phase occupying a selected quadrant (i.e. left upper, left 
lower, right upper, right lower) immediately adjacent to the intersecting crosshairs is 
then recorded.  The stepping stage may be controlled by a manual point counting unit, 
which also records the data, or by a computer keyboard via an interface with data 
logging software, with direct entry of data into a spreadsheet. 
The initial stage of sample preparation for point counting or image analysis involves 
representative sampling of the screened product sinter, followed by crushing and 
splitting to produce a small mass representative of the sinter sample. The sample 
usually comprises sufficient material to fill a 25 or 30 mm diameter epoxy resin mount 
(~30 g).  After setting in resin, the mount is plane ground and polished using standard 
metallographic equipment, either by hand or using an automated polisher.  In this work, 
a reference polished section was circulated to each of the laboratories in turn, to control 
variables associated with sample preparation and allow comparison of the analysis 
techniques alone.  The reference section was prepared by vertically sectioning the 
original resin mount to minimise any errors due to particle settling in the resin mount.  
Polishing was carried out according to the Laboratory 1 method (Table 2).   
2.3 Automated Image Analysis 
CSIRO has developed the OIA software Mineral4/Recognition4, which has capability 
to identify different textures of the same mineral using a textural identification routine 
(Donskoi et al, 2015a, b). This capability has been successfully used in iron ore 
characterisation to distinguish between microplaty hematite and martite and in coke 
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characterisation to segment reactive maceral derived components from inert maceral 
derived components, which in both cases have similar ranges of reflectivity. Recently 
such capability has been applied to segment different morphologies of the same 
mineral in sinter characterisation.  
To characterise the reference sample of crushed sinter, the whole polished section 
surface was imaged at a magnification of 200x. It was established that under lower 
magnification, automated identification of platy SFCA-I, in particular, became 
problematic. Altogether, 180 MozaiX (Carl Zeiss Microimaging GmbH, Göttingen, 
Germany) images were collected, where each image contained 4x4 (16) elementary 
images. The average size of each MozaiX image was 4500x3600 pixels, with a scaling 
factor of 0.53 mm/pixel (i.e. an area of ~2.38x1.9mm). The system was calibrated 
using a cubic zirconia reflectivity standard prior to imaging. 
At University of Wollongong, the whole polished section of the reference sample was 
imaged at a magnification of 200x using a Leica DM6000 optical microscope. Up to 
3125 images were taken automatically which were grouped into 12 images and then 
processed by the software Leica Application Suite V4.0 to get the volumetric 
percentages of hematite, magnetite and total SFCA. Due to the restriction of the 
software, the sum of SFCA and SFCA-I and total content of primary and secondary 
hematite were obtained, while dicalcium silicate could not be distinguished from pores. 
2.4 Quantitative X-ray Diffraction 
At CSIRO Clayton approximately 4 g of the coarsely ground sinter was micronized in a 
McCrone micronizing mill under ethanol (4 min g
-1
) to reduce the particle size to that 
suitable for XRD analysis (~10 μm). Diffraction data were collected on the centrifuged 
and dried sample, from 5 – 140° 2θ using a PANalytical MPD instrument fitted with a 
cobalt long-fine-focus X-ray tube operated at 40 kV and 40 mA. The incident beam 
path was defined using 0.04 radian Soller slits, a 20 mm mask, a 0.5° fixed divergence 
slit, and a 1° anti scatter slit. The diffracted beam incorporated a second set of Soller 
slits, a graphite monochromator to eliminate unwanted wavelengths and a 4.6 mm anti-
scatter slit. An X’Celerator detector was used in scanning line (1D) mode with an 
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active length of 2.122° 2θ and a step size of 0.0167° 2θ. Crystalline phase identification 
was carried out using X’Pert Highscore Plus (PANalytical B.V., 2014).  
Quantitative phase analysis (QPA) was achieved via the Rietveld method (Rietveld, 
1969) using the software TOPAS V5 (Bruker AXS, 2013). The crystal structure 
information in Blake et al. (1966), Hamilton (1958), Hamilton et al. (1989), and 
Tsurumi et al. (1994), for hematite, magnetite, SFCA and dicalcium silicate, 
respectively, was used as the basis for the refinement. The Rietveld method directly 
reports the relative weight fractions of all crystalline phases included in the model 
which thus sum to 100%; the approach taken here to calculate the absolute weight 
fractions and thus also the amorphous/unidentified phase content was a traditional 
external standard approach (Madsen and Scarlett, 2008), using corundum (Baikalox 
Regular product – CR1) as the external standard. 
At the University of Wollongong, the XRD pattern of the sinter was obtained by a 
MMA (Mini Materials Analyser, GBC Scientific Equipment Pty Ltd, Australia). The 
mineral phase identification and quantitative analysis were implemented using X’Pert 
Highscore Plus incorporated with PDF (Powder Diffraction File) database. The 
Rietveld method was used for quantitative analysis. 
2.5 Electron Probe Micro-analysis (EPMA) 
In preparation for EPMA examination the polished section was coated with a 15 nm 
thick carbon film prior to analysis by the electron beam instrument. The coating of 
carbon is necessary to prevent charge build-up on the sample during subsequent 
analysis. Two types of analyses were conducted: EPMA mapping and quantitative 
analysis. 
2.5.1 EPMA Mapping 
X-ray and back-scattered electron (BSE) data were collected at CSIRO Clayton using a 
JEOL 8500F FEG-EPMA equipped with wavelength dispersive (WD) and energy 
dispersive (ED) spectrometers. The samples were mapped using an accelerating 
voltage of 15 keV and a beam current of 80 nA. The area mapped used a beam step 
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size of 1.0 µm with a 25 ms dwell time per step. The map conditions were selected to 
give the best compromise between covering a large area of the representative particle 
while at the same time providing sufficient textural and chemical resolution to show 
the mineralogical phases present.  
The elements mapped using the WD spectroscopic technique were Ca, Mg, Al, Ti and 
Si. Elements that were not measured by WD spectroscopy were measured using two 
ED spectrometers operating in parallel. Measuring both ED and WD signals 
simultaneously ensured that the complete chemical spectrum, at each step interval in 
the map, was obtained.  
After mapping, the element distribution data were manipulated using the software 
package CHIMAGE (Harrowfield, MacRae and Wilson, 1993). CHIMAGE allows the 
individual element data to be displayed as either single element distribution scatter 
plots or as combined element maps (where data for two or more elements are combined 
on the one mapped region). Both techniques applied to analysing the raw microprobe 
data make correlations between elements readily detectable, leading to the 
identification of individual mineral phases. CHIMAGE also incorporates an automated 
clustering algorithm that identifies chemical groupings. The clustering procedure used 
is a multi-element data analysis approach whereby the groupings of elements identified 
via the clustering algorithm represent statistically different chemical/mineral phases 
(Wilson et al., 2005). These phases were then overlaid onto the mapped region to 
provide a “phase-patched” map showing the distribution of all chemical/mineral phases 
within the mapped area. 
2.5.2 Quantitative analysis 
Quantitative EPMA analysis on selected regions of the sinter sample was performed at 
The University of Queensland. The compositions of phases present were measured 
using JEOL 8200L EPMA equipped with wavelength dispersive detectors. A 15 keV 
accelerating voltage and 15 nA probe current were selected for the micro-analyser 
operation. Standards (Charles M. Taylor, Stanford, CA), used in the EPMA 
measurements were as follows: wollastonite (CaSiO3), for Ca and Si, hematite (Fe2O3), 
for Fe, Mg spinel (MgAl2O4), for Mg and Al. The Duncumb–Philibert correction based 
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on atomic number, absorption, and fluorescence (ZAF correction, supplied by JEOL), 
was applied and the accuracy of compositions measured was expected to be within 1 
wt%. 
At CSIRO, the combined ED spectra from each cluster (for major phases these 
comprised 1000’s of individual spectra), were integrated and quantified using linear 
least squares regression against spectra of known standards. Oxygen was calculated by 
stoichiometry and matrix correction was performed using the XPP algorithm as 
implemented in the STRATAGem library (Pouchou, 1993). The accuracy of 
compositions measured was expected to be within 1 wt% relative. 
3. Sinter mineralogy results 
3.1 Reflected Light Microscopy 
The same mounted and polished sinter sample was analysed at each of the laboratories 
using reflected light microscopy techniques.  The sinter phases referred to in this paper 
are illustrated in Figure 1.   
The four textural types of SFCA agreed on between the participating laboratories are: 
 Platy SFCA-I.  This texture appears fine-textured and microporous under 
reflected light.  See label A in Figure 1. 
 Prismatic SFCA. See labels B and H (and sub types F, G, I, K and L), in Figure 
1. 
o Blocky SCFA. This texture has also been described as dense, where 
crystals are intergrown (e.g. label K). See labels F, G and K in Figure 1. 
o Dendritic SFCA. See labels I and L in Figure 1. 
Blocky and dendritic SFCA are considered to be prismatic SFCA sub-types.  Both of 
these morphological sub-types are formed on precipitation from a melt phase, rather 
than from solid-solid or solid-liquid reaction during heating, which is the only 




Figure 1. Reflected light photomicrographs of major sinter phases 
Figure 1(a) shows platy SFCA-I (A) and prismatic SFCA (B), with primary and 
secondary hematite.  Primary hematite (C) is remnant hematite from ore particles 
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which has not significantly reacted with a melt phase, consisting of interlocking 
hematite grains with intact grain boundaries and often preserving original 
microstructure, such as microporosity. Note that macro-scale areas of primary hematite 
(nominally >1mm in length) may be recognised as ore nuclei, although unreacted ore 
nuclei have been included in the primary hematite category in this paper.  Secondary 
hematite (D) is recognised as individual or loosely-associated hematite grains which 
have undergone significant reaction with a melt phase (or are precipitated from the 
melt) and are often recrystallised into a euhedral form.  SFCA-I forms under relatively 
low temperature (1250 to 1300 °C, in the laboratory) sintering conditions.  SFCA is 
understood to form simultaneously with SFCA-I at lower temperature, but persists to 
higher temperature (>1300°C) before decomposing/melting.  Under high temperature 
sintering conditions, SFCA is formed primarily by precipitation from the melt during 
cooling.   
Figure 1(b) shows a field with magnetite (E) and coarse, prismatic SFCA (F) (the 
blocky morphological sub-type), with interstitial glass. Note the slightly variable 
optical reflectivity within SFCA grains, showing evidence of compositional zoning 
during growth and/or intergrowth of crystals of slightly different composition.  
Magnetite has similar reflectivity to SFCA, but with a distinct brownish/purplish tint. 
Figure 1(c) shows coarse, blocky SFCA (G) and prismatic SFCA (H) inter-grown with 
magnetite and dendritic SFCA (I), with interstitial glass and water-soluble dicalcium 
silicate, also known as larnite (J).  In this case, dicalcium silicate is recognised by the 
characteristic ‘cigar’- or ‘lens’-shaped outlines of the crystals, although the mineral 
itself has been dissolved during sample polishing.  Note that loss of dicalcium silicate 
can be minimised by polishing sections with non-aqueous-based diamond suspensions.  
The dendritic texture of the SFCA at left is an indication of high temperature 
conditions; in this case it appears that a pore has been infilled by melt. 
Figure 1(d) shows coarse crystals of blocky SFCA (K) that have inter-grown to form a 
dense mass, as well as minor dendritic SFCA (L) and characteristic elongated, lens-
shaped crystals of dicalcium silicate (M).  Highly reflective secondary hematite (N) is 
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derived from primary hematite that has been partially or completely melted and 
recrystallised in euhedral forms.  
Figure 1(e) shows predominantly secondary hematite (O) dispersed in a matrix of 
silicate glass (P), a hematite sub-type recognised as ‘pseudorelict’ and derived from 
internally melted Channel Iron Deposit ore particles, with open (discrete) micropores 
and two larger, interconnected pores, infilled with epoxy resin (Q), also present.  
Figure1(f) shows secondary (R) and minor primary hematite, with larger grains of 
secondary hematite starting to take on a corroded, skeletal form (S), associated with 
(secondary) magnetite and finely intergrown dendritic SFCA/glass at the bottom of the 
image. 
Figure1(g) shows primary hematite (T) and secondary hematite (U) (displaying less 
porosity), with glass (V) and dicalcium silicate (W), in this case preserved intact. 
Figure1(h) shows large skeletal secondary hematite grains with characteristic corroded 
outlines, intergrown with SFCA and magnetite. 
The results of both manual point counting and automated image analysis are presented 
in Table 3.  Note that each laboratory used a slightly different textural scheme for point 
counting, which explains some of the differences in the results.  CSIRO(1) and 
CSIRO(2) are results from two different mineralogists.  Correlation between the results 
is generally good, although significant anomalies are evident.  This highlights the 
difficulty in comparing individual point counting and image analysis results from 
different sources and the advantage of using multiple analysis techniques for cross-
correlation. 
3.2 Automated Image Analysis 
The results of the automated image analysis (IA) of the reference sinter sample using 
Mineral4 are shown in Table 3. The recognition/identification of different phases by 
Mineral4 was tuned to match the point counting results conducted by two different 
CSIRO mineralogists. The results obtained are very close to the CSIRO(1) point 
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counting results overall, however, the system is flexible and could be tuned differently 
if desired. 
Table 3. Optical point counting (PC) and image analysis (IA) results for the sinter 












Primary hematite 23.1 14.8 22.6 13.7 23.0 20.9 
Secondary hematite 17.2 24.9 19.8 26.7 21.9 21.0 
Total hematite 40.3 39.7 42.4 40.4 44.9 41.8 
Magnetite 33.1 28.0 26.3 28.4 23.8 27.8 
Platy SFCA-I (low 





temperature)  6.3 17.3 18.5 20.1 10.5 
Blocky SFCA (high 
temperature) 7.0 - - - 9.1 8.1 
Dendritic SFCA  - - - - 0.8 0.8 
Total SFCA 15.3 18.1 19.4 21.6 21.0 18.4 
Dicalcium silicate 3.3 6.7 3.7 2.7 2.7 4.1 
Glass 7.4 6.5 7.2 6.8 7.6 7.2 
Quartz 0.0 0.0 0.9 0.0 0.0 0.2 
Flux  0.6 1.0 0.2 0.0 0.0 0.5 
Other 0.0 0.0 0.0 0.1 <0.1 0.0 
Pores
1
 11.0  8.9 7.1 10.0 6.5 8.4 
Total 100.0 100.0 100.0 100.0 100.0 100.0 
1. Pore volume was not included in calculating the volume composition of the sinter. 
2. Assuming BSL measurement for platy SFCA-I and prismatic SFCA is 
predominantly prismatic SFCA 
Figure 2 gives good examples of SFCA-I and the different SFCA textures. Figure 2a is 
a reflected light photomicrograph and Figure 2b is the associated mineral map.  This 
image was chosen to show all of the identified phases, including SFCA-I. In Figure 2, 
SFCA is mainly associated with magnetite, while SFCA-1 is mostly associated with 
primary and secondary hematite. 
The reflectivity of different morphologies of the same mineral is usually the same, 
which makes it impossible to distinguish them automatically using simple thresholding. 
Mineral4 uses a textural identification algorithm to resolve the different morphologies. 
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It can be seen that the automated image analysis system is able to distinguish between 
the textures of SFCA, primary and secondary hematite, magnetite, dicalcium silicate, 
glass and resin or voids. 
 
Figure 2. a) Reflected light photomicrograph, b) Mineral map.  Colour key: primary 
hematite – light blue, secondary hematite – dark blue, magnetite – magenta, SFCA-I – 
light green, SFCA – olive, glass – dark green, dicalcium silicate/soluble silicates – cyan, 
porosity and epoxy within particles – yellow. 
 
Figure 3. (a) The grouped images of the polished section of reference sinter sample; (b) 




The University of Wollongong utilised the Leica Application Suite V4.0 to perform 
automated image analysis of the sinter sample. Figure 3 shows the grouped images of 
the polished section of reference sinter sample and the overlay of mineral phases on the 
image. The analysed phase composition is 37.8, 40.7 and 21.5 vol% of total hematite, 
magnetite and total SFCA, respectively. The result is comparable with the data in Table 
3. Although the method has limitations in identifying some subcategories of mineral 
phases, it provides a quick and efficient measure of quantitative phase analysis of sinter 
samples satisfying general sintering research requirements.  
3.3 Quantitative X-ray Diffraction 
The final Rietveld fit to the XRD data collected for the sinter sample is shown in 
Figure 4. Based on the pattern fit, the calculated values (wt%) for the phases in the 
sample are provided in Table 4.   
 
Figure 4. Final Rietveld fit to the XRD data collected for the sinter sample. 
Experimental data are shown as a scattered (blue) solid line and the calculated profile 
as a smooth (red) solid line. Major hematite, magnetite, SFCA and larnite (dicalcium 
silicate) reflections are annotated on the plot. 
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Primary hematite 4.9 22.4 n/a n/a 
Secondary hematite 4.9 22.5 n/a n/a 
Total hematite 
 
44.9 38.2 41.1 
Magnetite 5.1 31.1 29.8 30.0 
Platy SFCA-I (low 
temperature) 3.4 0.7 n.d. 
 
Prismatic SCFA 
(medium temperature)  3.8 8.8 
17.4 
 
Blocky SFCA (high 
temperature)  3.8 6.7 
 
Dendritic SFCA  3.8 0.7  
Total SFCA 
 
16.8 17.4 28.8 
Dicalcium silicate 3.1 2.8 6.6  
Glass 2.5 3.9 8.0  
Quartz 3.1 0.1 n.d.  
Flux  3.1 0.3 n.d.  
Other 3.1 0.0 n.d.  
Total 
 
100.0 100.0 99.9 
The optical mineralogy results cannot be directly compared to the XRD results as they 
are measured on an area % basis. Assuming a density for each phase, this can be 
converted into a wt% as shown in Table 4, allowing a more direct comparison between 
the optical mineralogy and XRD. 
Although XRD generally offers advantages in quantifying mineral phases there are 
advantages and disadvantages for characterising iron ore sinters. The primary concern 
is that XRD offers no textural information regarding the different phases present and 
hence cannot provide quantitative data if compositionally similar phases are present but 
can be refined on the basis of texture e.g., primary hematite, secondary hematite and 
the various forms of SFCA. In the case of hematite, there is no obvious solution and 
hence XRD only provides a total hematite content (i.e. a sum of the primary and 
secondary content), whereas the optical results are able to provide a more refined 
discrimination. The total hematite content measured by point counting is slightly higher 




Figure 5. Characteristic XRD patterns for SFCA-I (red) and SFCA (blue). The 
differences in the two patterns, particularly at low 2θ values, allows these two phases to 
be easily distinguished. 
As discussed earlier, the two SFCA phases present in iron ore sinter are a low-Fe form 
that corresponds to SFCA, with prismatic, blocky, dendritic morphologies, and a high-
Fe, low-Si form corresponding to SFCA-I, which has a characteristic platy morphology. 
Traditionally, morphologies are used to distinguish these two variants when using 
optical-based techniques however recent work by Mezibricky and Frolichova (2016) 
has demonstrated that using a morphological approach to distinguishing between SFCA 
and SFCA-I types is problematic since both phases can exhibit similar textures. 
Fortunately Hamilton et al. (1989) and Mumme, Clout and Gable (1998) demonstrated 
that these two phases have different crystalline structures and hence produce 
significantly different XRD patterns (Figure 5), which can be used to uniquely identify 
and quantify the amounts in sinter. In this work no SFCA-I was detected by XRD, 
which is not surprising given the very low level of SFCA-I measured using point 
counting (0.7%). The total ‘SFCA’ content (i.e. a combination of SFCA-I and SFCA 
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types) was very similar between the XRD and point count, however, it was not possible 
to distinguish between the different SFCA morphologies using XRD. 
A final complexity is that glass cannot be determined directly by XRD due to its lack 
of crystalline structure. In this case, the amount of glass in the sample was estimated to 
be represented by the amount of amorphous material calculated to be present. This can 
potentially result in an overestimation in the total glass content, especially if other fine-
grained amorphous material is present (e.g. unreacted coke or flux).  
3.4 EPMA   
Given the difficulty in reconciling all mineral phases in the sinter sample by point 
counting and XRD, in particular the different textural SFCA types, Electron Probe 
Microanalysis (EPMA) was used to examine a number of the key morphologies present. 
Initially, a high resolution mapping procedure was used to examine a number of 
discrete particles within the sinter that exhibited commonly observed textural and 
mineralogical features. These included particles comprising: SFCA-I and SFCA 
textural types, magnetite, dicalcium silicate, glass and primary versus secondary 
hematite. Following mapping, an additional quantitative EPMA investigation was 
conducted on some of the key phases to determine their chemistry (or range of 
chemistry in the case of phases such as SFCA which can exhibit solid solution). 
3.4.1 EPMA mapping 
Results from the EPMA mapping conducted on a sinter particle comprising a mixture 
of SFCA and SFCA-I phase types is provided in Figure 6. Data is provided in the form 
of: a) the optical reflected light image of the particle, b) a back-scattered electron (BSE) 
image of the area mapped, c) a three element overlay map showing the distribution of 
key elements and, d) a phase-patched map showing the distribution of all phases. As 
well, average compositional data for the phases identified in the mapped sinter particle 
are summarised in Table 5.  
The sinter particle shown in Figure 6 is dominated by platy SFCA-I with SFCA 
(prismatic morphological type) with minor secondary hematite. Magnetite is also 
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present in trace amounts and is associated with a large piece of Mg- and Mn-rich 
material (possibly relict flux) in the centre of the particle.  
The cluster analysis indicated the presence of another ‘SFCA-like’ phase that has been 
denoted in Figure 6 as SFCA-? (Mg). This phase is characterised by high Fe and Mg 
and low Ca compared to typical SFCA (Table 5). The SFCA-? (Mg) phase exhibits a 
significantly coarser texture than the more common SFCA-I and expresses a 
morphology similar to that of SFCA (i.e. a coarse grained prismatic texture). A coarser 
texture is consistent with this material crystallising from a melt during cooling as is 
typically the case for SFCA. In all areas of the particle, SFCA-I and SFCA are 
intergrown on a fine scale although the SFCA-? (Mg) phase appears to be limited to 
areas where there is more magnetite and also greater levels of impurities (see centre of 
particle in Figure 6 where there appears to be a relict flux particle). These complex 
intergrowth textures and similar morphologies between the different ‘SFCA’ types 
suggest the possibility that these phases may potentially be misinterpreted when using 
non chemical-based analysis techniques (Mezibricky and Frohlichova, 2016). 
Additional work using in situ high resolution X-ray diffraction techniques is 
recommended to determine if the compositional differences observed between these 
phases represents different structural types. 
Table 5. Average compositional data (wt %) for the phases identified in the mapped 
sinter particles. Note data is semi-quantitative only and is based on results from energy-
dispersive X-ray analysis. 
Phase Fe Ca Mg Mn Al Si O† Ti Tota‡ 
SFCA 50.0 9.9 0.4 0.2 1.9 3.3 31.4 0.2 97.4 
SFCA-I 54.6 9.1 0.5 0.4 1.3 1.3 30.2 <0.1 97.4 
SFCA-? 
(Mg) 
56.9 6.5 1.5 0.7 1.1 0.9 30.3 <0.1 98.1 
Hematite 67.1 0.2 0.0 0.1 0.5 0.1 29.6 0.1 97.9 
Magnetite 66.0 1.1 1.0 0.4 0.6 0.1 27.1 <0.1 96.5 
Glass 11.3 25.5 0.3 0.1 2.5 17.9 38.2 0.2 96.6 
* Oxygen was determined by stoichiometry. 
‡ Totals are low due to differences in Fe valence state and also the semi-quantitative 




Figure 6. EPMA map data showing the phase mineralogy and textures developed in a 
sinter particle comprising a mixture of mainly prismatic SFCA and SFCA-I. a) optical 
image, b) BSE image, c) Ca/Al/Mg three element map, d) final phase patched map. In 
image a), hematite is the brightest phase. Scale bar in each image is 500 micron. 
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Within the area mapped small regions of particles were observed that comprised 
mixtures of hematite and magnetite (particle at middle left of Figure 6d) and also a 
hematite and glass (particle at base of Figure 6d). The glass comprised a mixture (in 
approximate order of abundance) of Ca>Si>Fe>Al>Mg (see Table 5 where an average 
glass composition across all mapped areas is provided). Note that in Figure 6 the glass 
is shown as a single phase however ED analysis of the glass showed at least two forms 
were present. Glass type I contained higher Si and Mg compared to glass type II. It is 
also to be noted that typically, electron beam techniques are unable to distinguish 
between iron-rich phases where the iron is present in different oxidation states. In this 
instance (and also in the following maps) we were able to clearly distinguish between 
hematite and magnetite on the basis of their minor element chemistry. Magnetite 
contained typically greater amounts of Ca, Mg and Mn whereas hematite tended to be 
less contaminated by other elements (Table 5). 
3.4.2 Quantitative analysis 
SFCA in industrial plant sinters typically contains 42–53 wt% Fe, 9–11 wt% Ca, 1.4–
4.7 wt% Si, 2–5 wt% Al and 0.4–1.0 wt% Mg (Hancart, Leroy and Bragard, 1967; 
Ahsan, Mukherjee and Whiteman, 1983). The composition of the SFCA measured in 
the particle shown in Figure 6 is similar in composition (Table 5) and within these 
previously observed limits. In comparison, Mumme, Clout and Gable (1998) reported 
that SFCA-I phase found in industrial plant sinters contained 57-58 wt% Fe, 9 wt% Ca, 
0.5 wt% Si and 1 mass% Al. The average SFCA-I composition in the sinter particle 
(Figure 6) contains Fe (54.6%), Ca (9.1%), Si (1.3%) and Al (1.3%) plus a small 
amount (0.5%) of Mg. There appears to be more variation in the SFCA-I in the current 
sample than reported by Mumme, Clout and Gable (1998) however it is noted that 
there is a lack of previously reported quantitative data for SFCA-I and its 
compositional range remains unknown. 
The second variant of the SFCA morphological type (labelled SFCA-?(Mg)) 
characteristically contained a high proportion of Mg (1.5%) and Fe (56.9%) and low 
Ca (6.5%), Al (1.1%) and Si (0.9%). The exact nature of this phase is unknown 
however it is noted that its composition is very similar to an unknown phase first noted 
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in pot grate and laboratory sinter by Webster et al. (2012). This phase, called by 
Webster et al. (2012) ‘Fe-rich SFCA’, had similar Fe and Ca levels as the SFCA-? (Mg) 
phase in the industrial sinter from the current study. They determined that this phase 
was strongly associated with magnetite and formed only during cooling of sinter. The 
chemistry is unknown however as Webster et al. (2012) used Mg-free synthetically 
prepared samples. The crystal structure of the Fe-rich SFCA phase is also unknown so 
it is not clear if it is a part of the SFCA or SFCA-I series of solid solution phases. 
All forms of ‘SFCA’ contained minor Ti with the most being located in SFCA (0.2%) 
and lesser amounts in SFCA-I and SFCA-? (Mg). This is consistent with the findings 
of Webster et al. (2016) who found that SFCA is preferentially stabilised relative to 
SFCA-I when Ti is present. 
 
Figure 7. BSE image of the zoomed-in area marked by red rectangle in Figure 6. 
Quantitative composition measurement was carried out at UQ on the area marked by 
the red rectangle in Figure 6. A micrograph of this area is shown as Figure 7. The 
measured results are reported in Table 6. SFCA/SFCA-I phase assemblage was 
identified in this region. Compositional variations within the SFCA/SFCA-I phases are 
clearly identified from the micrograph and the individual point measurements. Within 
the SFCA/SFCA-I phase assemblage, the compositions of the points along lines 
labelled Line 1 and Line 2 in Figure 7 were measured. It can be seen that Line 1 shows 
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lower Al2O3, SiO2, CaO than Line 2, while Fe2O3 and MgO is higher. It is generally 
believed that the Line 1 phase is SFCA-I and Line 2 phase is SFCA, however, the 
composition of the Line 1 phase does not correspond to that of the SFCA-I solid 
solution proposed by Pownceby et al. (2003). 




Phase Fe Ca Mg Al Si O Total CaO/SiO2 
Spot 1 SFCA-I? 54.8 9.1 0.9 1.4 1.2 31.5 99.0 3.5 








58.7 7.4 1.6 0.7 0.6 30.9 99.8 6.0 
58.0 7.8 1.5 0.6 0.7 30.8 99.3 5.5 
58.3 7.7 1.4 0.6 0.6 30.8 99.5 5.6 
58.6 7.5 1.5 0.8 0.5 30.9 99.9 6.5 







54.5 9.6 0.4 1.7 1.4 31.8 99.5 3.2 
54.4 9.6 0.4 1.9 1.5 32.1 99.9 3.0 
53.8 9.6 0.4 2.2 1.5 32.1 99.6 3.0 
53.0 9.7 0.5 2.3 1.6 32.2 99.2 2.8 
51.0 9.9 0.8 2.4 2.1 32.7 99.0 2.2 
* Fe oxidation state was not measured and assumed to be 3
+
, Oxygen was determined 
by stoichiometry 
Table 7. Comments on application of analysis techniques. 
Technique Advantages Disadvantages 
XRF 
Rapid quantification of bulk 
chemical analysis 
High precision 
Does not provide mineralogical 
or textural information 
XRD 
Rapid quantification of the 
crystalline phases present and their 
proportions  
In-situ techniques available to 
determine structure of individual 
phases 
Does not provide chemical 
composition  of the phases 
No textural information 
Phase determination limited to 





Comprehensive textural analysis 
Can readily distinguish iron oxides 
(hematite vs magnetite), primary 
and secondary hematite sub-types, 
and different morphologies of 
SFCA 
Does not provide compositions  
of the phases 
Operator dependent results  




Provides accurate elemental 
analysis of phases 
Difficult to distinguish iron 
oxides (hematite vs magnetite) 
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It is also interesting to note, the measured basicity of the SFCA-I (~5.5) is higher than 
the SFCA (~2.8) and much higher than the bulk sinter basicity in today’s sinter making 
practice (<2.0, in this case ~1.7).  
4. Conclusions  
A number of analysis techniques have been applied to characterise an industrial sinter 
sample, with each providing different and generally complementary information about 
the mineralogy and texture of the sinter.  
Point counting under reflected light microscopy was able to distinguish a range of 
mineralogical and textural types, including primary and secondary hematite, magnetite, 
dicalcium silicate and glass.  Four textures of SFCA were agreed on; platy SFCA-I, 
prismatic SFCA, blocky SFCA and dendritic SFCA.  The latter two textural types are 
consistent with prismatic SFCA composition, although further evidence is needed to 
confirm the relationships between the identified compositional and morphological 
SFCA types known to be present in industrial iron ore sinter.  It is now possible to 
automate point counting using systems such as Mineral4 and to eliminate subjectivity 
associated with individual mineralogists, providing calibration can be effectively set up 
and benchmarked against reference data. 
XRD was used to quantify the bulk mineralogy of the sample. The amount of 
magnetite and total SFCA determined by this technique agreed well with the point 
count results.  Hematite differed. Glass content was estimated based on the amorphous 
material present.  
EPMA mapping gives chemical data for individual phases that is not possible to obtain 
via any other means. In this study EPMA was used to quantify the chemical 
composition of different SFCA phases. Distinction was made between a high Fe, low 
Si SFCA-I phase and a low Fe, high Si SFCA phase.  However, the range of 
compositions observed both between and within the SFCA textures (prismatic, blocky 
and dendritic), suggest that distinction between these remains problematic and further 
work in needed in this area. A high Mg SFCA phase was also identified.   
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The choice of techniques depends on the objective of the measurement and a 
combination of techniques is required for comprehensive sample characterisation.  The 
advantages and disadvantages of the techniques are listed in Table 7. 
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